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ADVERTISEMENT. 



In this work I shall adopt the division of 
the quadrant into a hundred degrees, each 
degree being divided into a hundred mi- 
nutes^ and each minute into an hundred 

seconds. Temperature will be referred to 
the mercurial thermometer divided into 
one hundred degrees from the freezing to 
the boiling point of water, under a pressure 
equivalent to the weight of a column of 
mercury of the height of sixty-six centi« 
metres. And I shall refer all linear mea- 
sures to the metre, determined by the arc 
of the terrestrial meridian included between 
Dunkirk and Barcelona. 



NOTE — BY THE TRANSLATOR. 



Thb reader will find tbe angular mea^ 
sures and measurea of time used by the 
author reduced ia the margiu to the ge:i^i* 
gesimal system adopted in this country ; 
Hiis was thought better than altering the 
text of an original work of such import- 
ance. 



£fUCAxA« 

Vol. I. y. 126, S^ sexigonal, rtad sexigesimal* 

Vol. Il.r, 93, line % fw 120S ua^ 2? and its redaction 1<> 48'. 



Tabk of French Mecuures. 





English incbet 


MiUimefre - • 


0.03937 


Centimetre • 


9.39371 


Decimetre 


3.93710 


Metre, 3.981 feet 


39.37100 


Decametre 


39371000 


Hecatometre 


3937.10000 


Chiliometre 


39371.00000 


Myrcometre 


393710.00000 


The old French foot 


12.78933 
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SYSTEM OF THE WORLD. 



Me veroprimumdulcfes ante omnia muw ' - 

Quarum sacra fero, ingenti percalsus amore 
Accipiant, coeliqne vias, et sidera monstrent. 

Of all the natural sciences. Astronomy is 
that which presents the longest series of 
discoveries. There is an immense distance 
from the first view of the heavens, to that 
general view by which, at the present day, 
we comprehend the past and future state 
of the system of the world. To arrive at 
this it was necessary to observe the hea- 
venly bodies during a long succession of 
ages, to recognize from their appearances 
the real motion of the Earth, to develope 
the laws of the planetary motions, and 

VOL. I. B 



from these laws to derive the principles of 
universal gravitation^and to redescend from 
this principle to the complete investigation 
of all the celestial phenomena^ even in 
their minutest details. This is what the 
human understanding has accomplished 
in astronomy. The exposition of these 
discoveries^x and of the most simple man- 
ner in which they may arise one from the 
other, would have the double advantage 
of presenting a great assemblage of im- 
portant truths^ and the true method which 
should be followed in investigating the 
laws of nature. This is the object I pro- 
pose in the following work. 



BOOK THE FIRST. 

OF THE APPARENT MOTIONS OF THE HEA* 

YENLY BODIES. 



CHAP. I. 

Of the diurnal Motion of the Heavens. 

If in a fine nighty and in a place where 
the horizon is uninterruptedj we follow 
with attention the appearance of the hea- 
venSj it will be seen to vary at every in- 
stant. Some stars are rising above3 others 
setting below the horizon ; some begin ta 
appear in the eastj others disappear to« 
wards the west ; several^ asthe pole star and 
the stars of the Great Bear^ never reach the 
horizon. In these various motions^ their 
respective positions to each other remain 
unchanged^ and they describe circles^ so 
much the less a^they are nearer a point, 
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M^hich seems' to be immoveable. Thus 
the heavens appear to revolve round two 
fixed points^ called from this circumstance^ 
the PohES of the worlds and in this motion 
18 included the whole system of stars. The 
pole elevated above our horizon^ is the north 
pole; the opposite pole^ which weimagine 
beneath the horizon, is the south pole. 
Already several interesting questions pre- 
sent themselves to be resolved. What be- 
comes during the day of the stars which 
We have seen in the night ? From whence 
come those which begin to appear ? Where 
are those gone^ which have departed from 
our view ? An attentive examination of 
these phenomena will afford a simple an- 
swer to these questionis. In the morning, 
the brightness of the stars grows fainter as 
the dawning light increases, in the evening 
fhey become mdre brilliant as the twilight 
diminishes ; it is not therefore because 
they cease to shine, but because they are 
eifaced by the more vivid light of the sun, 
that we are unable to see them. The for* 



tunate discovery of the telescope has en- 
abled us to verify this explanation by shew- 
ing us the stars^ even when the sun is at its 
greatest elevation above the horizon. 
Those which are near enough the pole 
never to reach the horizon appear con« 
stantly above it. 
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CHAP. II. 

Of the Sun and of its proper Motion. 

All the heayenly bodies participate in the 
diurnal motion of the celestial sphere ; but 
many have proper motions of their own> 
which it is interesting to follow^ because 
they alone can conduct us to the knowledge 
of the system of the world. In the same 
manner as in measuring the distance of an 
object, we observe it in two different po- 
sitions, so^ to discover the laws of nature^ 
we must consider her under different points 
of view, and observe the development of 
those laws in the change of appearance 
which she presents to us. Upon the earth 
we vary these phenomena by experiments ; 
in the heavens, we determine with care, 
all those which the celestial motions pre- 
sent to us. In thus interrogating nature, 
and submitting her answers to analysis, 
wecan^ by a train of reasoning and indue- 



tion skilfully managed, arrive at the causes 
of these phenomena; that is to say, we can 
reduce them to general laws, from which 
the phenomena are derived. It is to dis- 
cover these laws and to reduce them to the 
least possible number, that all our efforts 
should tend ; for the first causes, and the 
intimate nature of beings, will be to us 
eternally unknown. 

Of all the heavenly bodies which 
appear to have a motion of their 
own, the most remarkable is the Sun. 
Its proper motion in a contrary direc- 
tion to the diurnal motion, manifests 
itself by the appearance of the heavens 
during the night, which changes and is re- 
newed with the seasons. The stars situ- 
ated in the path of the Sun and which set 
a little time after him, soon are lost in 
his light, and at length reappear before 
his rising ; the Sun therefore advances to- 
wards them in a direction contrary to his 
diurnal motion ; it is thus that for a long 
time his proper motion was examined, but 
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at present this motion is determined with 
great precision by observing every day the 
meridian altitude of the sun^ and the inter- 
val of time which elapses between his pas« 
sage and that of the stars over the meridian. 
We have thus the motion of the Sun in 
the direction of the meridian and likewise 
in the direction of the parallels ; the result- 
ing motion obtained by the combination 
of these two is its true motion. In this 
manner it has been found that the Sun 
moves in an orbit ^ich at the commence- 
ment of 17&0 was inclined to the equator * 
^^07965 which corbit has been named the 
Ecliptic. It is by the combination of the 
proper motion of the 9tin vTith its diurnal 
motion that the changes of the i^asons are 
produced. The points of intersection with 
the ecliptic and equator are called the 
equinoxes, for in fact the Sun in these two 
points describing the equator by its diur- 
nal motion and this circle being divided 
into two equal parts by all the horizons, 
the day is then equal to the night in every 
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part of the earth. la proportioa as the Suoi* 
in leaving the equinox of spring, advances 
in its orbit, its meridian altitudes above our 
horizon increase more and more ; the visible 
arc of the parallels it describes every day, 
continually augments, and increases the 
length of the days till the Sun has attain- 
ed its greatest altitude. At this epoch the 
days are the longest in the year, and because 
near this maxirmtm the variations of the 
meridian altitude of the Sun are insensible, 
the Sun (considering only that altitude on 
which the length of the days depend) ap- 
pears stationary, for which reason this point 
of the ma.HmuJii has been named the sum- 
mer solstice. The parallels which th^J 
the Sun describes OD that day is called thi 
tropic of summer. It then redescends to- 
wards the equator which it traverses again 
at the autumnal equinox, and from thence 
it arrives at its minimum of altitude, or at 
the winter solstice. The parallel then de- 
scribed by the sun, is the winter tropic, 
and the day is the shortest of the year ; 
b5 
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arrived at this term the Sun again ascends 
and returns to the vernal equinox. Such 
is the constant progress of the Sun and of 
the seasons. The spring is the season com- 
prised betvireen the vernal equinox and the 
summer solstice ; the interval from this 
solstice to the autumnal equinox forms the 
fiummer. Autumn is the interval from this 
equinox to the v^inter solstice ; and the in- 
terval from this solstice to the vernal equi- 
nox, is v^inter. 

The presence of the Sun above the hori- 
zon being the cau^M^f heat, it might be 
imagined that the temperature v^ould be 
the same in summer as in spring, and in 
the autumn as in the w^inter, but the tem^ 
perature is not the instantaneous effect of 
the presence of the Sun, but the result of 
its long continued action. It does not in a 
day produce its maximum of effect till 
some time after his greatest altitude above 
the horizon, nor in a year till the solstitial 
altitude is passed. 

The different altitudes of the pole in dif- 
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ferent climates produce in the seasons those 
remarkable varieties which we will now ex- 
amine^ from the equator to the poles. At the 
equator the poles are in the horizon^ which 
there cuts all the parallels in two equal 
parts^ the day is therefore always equal to 
the night^and at the equinoxes the Sun pas- 
ses through the zenith of the place. The 
meridian altitudes of the Sun at the soU 
stices are the leasts and equal to the com- 
plement of the inclination of the ecliptic 
to the equator. The solar shadows in these 
two positions of the Srti are diametrically 
opposite^ a circumstance which never oc- 
curs in our climates^ where at noon they 
are always directed towards the north. 

At the equator, therefore, properly 
speaking, there are two summers and two 
winters every year. The same thing takes 
place in every country, where the height 
of the pole is less than the obliquity of the 
ecliptic. Beyond this limit there is only 
one summer and one winter in every year, 
the Sun never reaches the zenith, the long- 
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est day in summer augments^ and the 
shortest in winter diminishes^ as we ap- 
proach the pole ; and when the zenith is 
only distant from it by a quantity equal to 
the obliquity of the ecliptic to the equator^ 
the Sun never sets on the day of the Sum- 
mer solstice^ nor rises at the winter sol* 
stice; still nearer the poles^ the time of its 
presence and of its absence on the horizon 
exceeds several days and even months. 
Finally under the pole the horizon being 
the equator itself^ the Sun is always above 
the horizon when oti the same side of the 
equator^ and always below it when on the 
opposite side ; so that there is but one day 
and one night throughout the year. 

The intervals which separate the equi- 
noxes and the solstices are not equal : that 
from the vernal equinox to the autumnal 
is about seven days longer^ than from the 
autumnal to the vernal; the proper motion 
' of the Sun, therefore, is not uniform ; — ac- 
curate and multiplied observations havQ 
taught us^ that it is the most rapid in a cer- 
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tain point in the aolar orbits situated near 
the winter solstice^ and slowest in an oppo-* 
site point situated near the summer solstice; 
The Sun describes in a day * PlSj^T, in 
the first point, and only f P0591 in the se- 
cond ; thus during the course of a year the 
Sun's daily motion varies from the greatest 
to the least, by three hundred and thirty^six 
thousandths of its mean value. 

To obtain the law of this variation, 
and in general that of all the periodical 
inequalities^ the following considera- 
tion has been made use of, since the sines 
and cosines of angles become the same 
at every circumference to which they 
arrive, they are proper to represent these 
inequalities ; in this manner, therefore, all 
the inequalities of the celestial motions 
have been expressed, and it only remains 
to separate these inequalities from each 
other, and to determine the angles on which 
they depend. In this manner it has been 
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found that the variation of the angular ve- 
locity of the Sun is very nearly proportional 
o the cosine of its mean angular distance 
from the point where its velocity is the 
greatest. 

It is natural to think that the distance 
of the Sun from the Earth varies^ with 
its angular velocity^ and it has been 
proved to do so by the measures of its 
apparent diameter. This augments and 
diminishes in the same time and according 
to the same law as this velocity^ but in a 
ratio only half as great ; when the velocity 
is greatest the apparent diameter is 
*6035",7; when the velocity is least it is 
only f .5836'',3, thus its mean diameter is 
J 5936" ; this quantity should be diminish- 
ed a few seconds^ to allow for the effect of 
irradiation which dilates a little the appa- 
rent diameters of luminous bodies. 

The distance of the Sun from the Earthy 
being reciprocally as its apparent diameter^ 
its increase follows the same law as the 
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diminution of its diameter. We name Pe- 
rigee the point of the orbit iq which the Sun 
is nearest to the Earth, and Apogee the op- 
posite point in which it is the most remote. 
It is in the flrst of these points that the Sun 
has boththe greatest apparentdiameter, and 
the greatest velocity; at the second point 
both the diameter and the velocity arc at a 
minimum. Toexplain the diminution of the 
apparent distance of the Sun it is sufficient 
tosupposeit farther from the Earth, but if 
the variation in its motion arose from this 
cause alone, and if the real velocity of the 
Earth in its orbit was constant,its apparent 
velocity should be diminished in the same 
proportion as its apparent diameter, but 
it diminishes in a ratio twice as great ; there 
is therefore an actual retardation in the mo- 
tion of the Sun, as it recedes from the Earth. 
By the combined eflect of this retardation 
of the velocity and augnieniation of the dis- 
tance, the angular motion in a day dimi- 
aishes as the square of the distance in~ 
creases, so that its product by this square 
is very nearly constant. 
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All the measures of the apparent diame- 
ter of the Sun^ compared with the observa- 
tions of its daily motion^ confirm this re- 
sult. 

Let us imagine a straight line joining 
the centres of the earth and Sun^and call it 
the RADIUS VECTOR of the Sun^ it is easy 
to see that the small sector, or area traced 
in a day by this radius round the Earth, is 
proportional to the product of the square 
of this area by the daily motion of the Sun : 
thus this area is constant, and the whole 
area traced by the radius vector, reckoning 
from a fixed radius, increases as the num- 
ber of days elapsed from the epoch on 
which the Sun was upon this radius. From 
hence results this remarkable law in the mo- 
tion of the Sun ; namely that. The area 
described by its radius vector are propor^ 
tional to the times. 

If, from these data, we every day set 
down the ]^osition and length of the radius 
sector of the solar orbit, and then make a 
curve pass through the extremities of these 
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radii, we shall perceive that this curve is 
not exactly circular, but that it is somewhat 
elongated in the direction of the straight 
line which, passing through the centre of 
the Earth, joins the points of the greatest 
and least distance of the Sun. The resem- 
blance of this curve loan ellipse, having 
led to a comparison with it, their identity 
has been recognised, from whence this con- 
clusion has been established, tkat the solar 
crbit is an ellipse, of which the centre of 
the earth occupies one of the foci. The 
ellipse is one of those celebrated curves, 
both in ancient and modern geometry, 
which being formed by the section of 
a surface of the cone by a plane, hare 
been called conic sections. It is easy to 
describe it by fixing the extremities of a 
thread upon two immovable points, which 
thread being stretched upon a plane by a 
point which slides along it, the curve trac- 
ed by the point in this motion is an ellipse, 
it is evidently elongated in the direction of 
the right line which joins the foci, and 
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w^hich being prolonged on each side till it 
meeta the curve forms thegreater axis, whose 
length is equal to that of the thread. The 
greater axis divides the ellipse into two 
equal and similar parts, the lesser axis is the 
straight line drawn through the centre and 
prolonged each way till it meets the curve ; 
the distance from the centre to one of the fo- 
ci, is the excentricity of the ellipse ; when 
the two foci become united in one point the 
ellipse becomesa circle ; by separating them 
the ellipse gradually lengthens, and when 
the distance of the foci becomes infinite, the 
distance of the focus to the nearest summit 
of the curve remains finite, and the ellipse 
becomes a parabola. 

The solar ellipse differs but little from 
a circle, for its excentricity is evidently the 
excess of the greatest above the mean dis- 
tance of the Sun from the Earth; which ex- 
cess we have seen is equal to one hundred 
and sixty-eight teurthousandths of this 
distance. Observations seem to indicate 
in this excentricity, a very slow diminution^ 
and scarcely perceptible in a century. 
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To have a just idea of the elliptic mo- 
tion of the Sun^ let us conceive a point mo"* 
ved uniformly in the circumference of a cir- 
cle, of which the centre is thatoftheEarth, 
and whose radius is equal to the distance 
perigee of the Sun. 

Suppose, moreover, that this point and 
the Sun, set off together from the perigee, 
and that the angular motion of the point is 
equal to the mean angular motion of the 
Sun. Whilst the radius vector of the point 
revolves uniformly rdund the Earth, the 
radius vector of the Sun moves in an une- 
qual manner, by forming always with the 
distance perigee, and the arcs of the el- 
lipse, sectors proportional to the times. 
At first it will precede the radius vector 
of the point, and make an angle with it, 
which after having augmented to a cer- 
tain limit will diminish and become nor- 
thing; when the Sun is at the apogee, then 
the two radii will coincide with the greater 
axis. In the second half of the ellipse the 
radius vector of the point will precede the 
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radius vector of the Sun and form Vfiih it 
angles^ which are exactly the same as in 
the first half» at the same distance from the 
perigee^ where it will again coincide with 
the radius vector of the Sun and the great-^ 
er axis of the ellipse* The angle by which 
the radius vector of the Sun precedes the 
radius vector of the point is called the 
equation of the centre; its maximum^ or 
greatest equation of the centre^ was in 1750 
equal * 2*1409. The angular motion of the 
point round the earth is concluded from 
the length of an entire revolution of the 
Sun in its orbit; by applying to this the 
equation of the centre* we obtain the an- 
gular motion of the Sun. The investiga^ 
tion of this equation is an interesting pro- 
blem in analysis^ which Cannot be solved 
but by approximation ; but the small ex- 
centricity of the solar orbits leads to series^ 
which converge rapidly, and are easily re- 
duced to the form of tables. 
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The position of the greater axis of the 
solar ellipse is not constant. The angular 
distance of the perigee^ to the equinox of 
spring reckoned in the direction of the Sun's 
jnotion was in the beginning of 1750 ess 
* 309^ 5790, but it has relatively to the fix- 
ed stars an annual motion of about f, 3&'T, 
in the same direction as that of the Sun. 

The solar orbit approaches by insen- 
sible degrees to the equator ; the secular 
diminution of its obliquity to the plane of 
this great circle may be estimated at about 
X 154" 3. 

The elliptic motion of the Sun, will not 
exactly represent modern observations ; 
their extreme precision has discovered small 
inequalities of which it would have been al- 
most impossible by observation alone tohave 
developed the laws. The investigation of 
these inequalities belongs to that branch 
of astronomy, which re -descends from 
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causes to phenomena^ and which will form 
the object of the fourth book. 

The distance of the Sun to the Earth has 
interested astronomers at every period. 
They have endeavoured to measure it by all 
the means which astronomy has successive** 
ly indicated. The most natural and the 
most simple is that which geometricians 
apply to measure the distance of terres- 
trial objects. From the two extremities of 
a known base they observe the angles which 
it makes with the visual rays of the object^ 
deducting their sumfrom two right angles; 
they obtain the angles which these rays 
make at their point of union ; this angle is 
what is called the parallax of the object^ 
whose distance from the extremities of the 
base is by this means easily deduced. 

In applying*this method to the Sun^ it is 
desirable to choose a base of the greatest 
extent that can be taken on the surface of 
the Earth. Iiet us imagine two observers 
placed underthesame meridian and observ-* 
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ing at the same instant the meridian altitude 
of the centre of the Sun and its distance 
from the same pole; the difference of these 
two observed distances, will be the angle^ 
which the straight line joining the observ- 
ers would subtend if aeen from the centre 
of the Sun. The position of the observers 
gives this straight line^ in parts of the ter- 
restrial radius ; it will therefore be easy to 
conclude from these observations the angle 
which the semi-diameter of the earth would 
subtend as seen from the centre of the 
Sun. This angle is called the parallax 
of the Sun^ but it is too small to be de- 
termined by this method^ which can only 
enable us to judge that its distance is at 
least six thousand diameters of the earth. 
We shall see hereafter^ that astronomi- 
cal discoveries furnish other methods much 
more exact of determining the parallax 
of the Sun, which we now know to be very 
nearly *2T'^2, at the mean distance of the 
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Sun from the Eartfaj from whence it followf 
that this distance is 2341 )5 times the radius 
of the earth. The smallness of the paral- 
lax of the Sun proves its immense magni* 
tude ; we are certain that at the same dis- 
tance at which this Ivminary is seen under 
an angle of * 5936"^ the earth would not 
appear under an angle of f 100 seconds^ 
and the volumes of spherical bodies being 
as the cubes of their diameters, th<i volume 
of the Sun is at least two hundred thousand 
times greater than that of the Earth ; it is 
about thirteen hundred thousand times 
bigger if^ as the observations seem to indi- 
cate, the parallax is only | 21"2. 

Black spots are observed at the surface 
of the Sun of an irregular form, their num- 
ber, position and magnitude are very va- 
riable — ^they are often very numerous and 
of considerable extent ; some have been ob- 
served whose diameter exceeded four or 
five times that of the Earth ; sometimes. 
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though rarely^ the Sun has appeared pure 
and withoutspots for several years together. 
The solar spots are almost always sur- 
rounded by a penumbra^ which is inclosed 
in a cloud of lights more brilliant than the 
restofthe Sun> and li the midst of which 
the spots are seen to form and disappear. 
All this indicates that at the surface of this 
enormous mass of fire^ vivid effervescences 
take place^ of which our volcanoes form 
but a feeble representation. But whatever 
be the nature of the solar spots^ they have 
made us acquainted with a remarka<- 
ble phenomenon — the rotation of the 
Sun. 

Amidst all their variations we can dis- 
cover regular motions^ which are exactly 
the same as the corresponding points of 
the surface of the Sun^ if we suppose it to 
have a motion of rotation on an axis almost 
perpendicular to the ecliptic in the direc- 
tion of its motion round the earth. From 
the continued observation of these spots 
the rotation of the Sun has been estimated 
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at about twenty-five days and a half; that 
the solar axis is inclined * 8°-f^ to the plane 
of the ecliptic^ and that the points of this 
equator when they ascend by their motion 
of rotation above this plane (i.e. the eclip- 
tic ) towards the nortiP^ole^ intersect it in a 
point which^seen from the centreofthe Sun^ 
was f 86^!20 distant from the vernal equi- 
nox in 1750. 

The spots on the Sun are almost always 
comprised in a zone of its surface^ whose 
breadth measured on the solar meridian 
extends only J 33* or 34** on each side of the 
equator ; — ^they have sometimes however 
been seen as far as § 44*. Bouguer founds 
by some curious experiments on the inten- 
sity of light on different parts of the Sun's 
disk^ that this light was more intense at the 
centre than near the limb. Yet the same 
portion of the disk being carried round 
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from the centre towards the limb, presents 
itself to us under a smaller angle ; its light 
therefore should be more intense : it must 
therefore in some measure be extinguished, 
whicb can only be explained bj suppos- 
ing it surrounded by a dense atmosphere, 
which, being obliquely traversed by the 
rays emanating from the limb, weakens 
them more than those which proceeding 
from the centre pass it perpendicularly. 
Thus a solar atmosphere is indicated 
by this phenomenon with considerable pro- 
I bability. 

It is the general opinion that it is this at- 
mosphere which reflects to us that faint 
light which is visible, particularly about 
the vernal equinox, a little before the rising 
or after the setting of the Sun, and to 
which bas been given the name of zodiacal 
\\ght,(_lumiere zodiacale.) The fluid which 
transmits it to us is extremely rare, since the 
stars are visible through it ; its colour is 
white, and its apparent figuretliat of a cone 
whose base is applied to the Sun ; such 
c % 
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would be the appearance of an ellipsoiot 
of revolution extremely flattened^ whose 
centre and plane of its equator should be 
the same with those of the Sun. The length 
of the zodiacal light sometimes subtends an 
angle of more than* TOO®; we shall see in 
the course of this work thatthe atmosphere 
of the Sun does not extend to so great a dis- 
tance^ it is not therefore this atmosphere 
that reflects the zodiacal light. Dominique 
Cassini^ who was the first person \vho de- 
scribed this light correctly^ remarked ^at 
it was weakened when the Sun had fewspots^ 
from which he conjectured that both the 
spots and the light arose from the same 
source^ by the expansive force of the Sun 
whichthrows to its surface the dense mat- 
ter of the spotsj and which projects to a 
distance the rare and transparent matter of 
the zodiacal light. But the true cause of 
this light is still unknown. 
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XiME relatively to us, iMlie impressiiHi ] 
whicli a series of objects leaves upon the] 
memory, and of wliicb we are certa,in the'^ 
existence has been successive. Motion is 
a proper measure of time; for since a body 
canoot be in several places at the same time^ 
it caooiily move from one place to another \ 
by passing through all the intermediate I 
points. If we are assured that at every J 
point of the line it describes, it is animated I 
by the same force, it will describe it with \ 
an uniform motion, and tbe portions of thir J 
line will measure the time employed to I 
describe them. When a pendulum at thai 
end of every oscillation is in exactly the 1 
same position, the lengths of its oscilla- 
tions are the same, and time may be mear- 1 
sured by their number. W« may employ! 
c3 
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likewise for this purpose the successive 
revolutions of the celestial sphere v^hich 
appear perfectly uniform. But mankind 
have universally agreed for this purpose to 
make use of the motion of the Sun. 

In civil life^ the day is the interval of 
time which elapses between the rising and 
setting of the Sun ; the night is the time 
during which the Sun remains below the 
horizon. The astronomical day compre- 
hends the period of its diurnal revolution ; 
it is the interval of time between two con-^ 
secutive noons or midnights. It surpasses 
the length of a revolution of the heavens^ 
which forms a siderial dap; for if the 
Sun passes the meridian at the same instant 
as a star^ the day after it will pass later in 
consequence of its proper motion by which 
it advances from west to east> and in the 
space of a year it will pass the meridian 
on^e less than the star ; it is found that 
taking for unity the mean astronomical 
day, the sidereal day is *0.997269733. The 
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astronomical da.ys are not equal : two 
causes combine to produce tlieir difference, 
the inequality of the proper motion of the 
Sun, and of the obliquity of the ecliptic. 
The effect of the first cause is sensible; thus 
at the summer solstice, near which the 
motion of the Sun is the slowest, the astro- 
nomical day approaches more to the side- 
rial day than the winter solstice, where 
this motion is more rapid. 

To conceive the effect of the second 
cause it must be noticed, that the excessof 
the astronomical day above the siderial day 
is only due to the proper motion of the Sun 
reduced to the equator. If we imagine 
two great circles of the celestial sphere to 
pass tbroug-h the extremities of the smalj. 
arc which the Sun describes in the ecliptic 
in one day, and likewise through thai 
poles of the world, the arc of the equatol 
which they intercept is the daily motioi% 
of the Sun reduced to the equator ; and thai 
time this arc employs to traverse the merinl 
dian is the excess of the astronomical abovaj 
c4 
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the siderial day; now it is evident that at 
the equinoxes the arc of the equator is less 
than the corresponding arc of the ecliptic^ 
in the ratia of the cosine of the obliquity 
of the ecliptic to radius : at the solstices it 
is greater in the ratio of radius to the co- 
sHii§ of th.e same obliquity; the astrono* 
mical day^herefore^is diminished in the first 
case and augmented in the second. To 
obtain a mean day^ independent of these 
causes^ we imagine a second sun moved 
uniformly on the ecliptic^ and always pas- 
sing the greater axis of the solar orbit at 
the same instant as the true sun, which 
will cause the inequality arising from the 
proper motion of the Sun to disappear. 
The effect arising from the obliquity of the 
ecliptic is then made to disappear by ima- 
gining a third sun to pass the equinox at 
the name instant as the second sun^ and to 
move along the equator in such, a manner 
that the anguhir distances of these two suns 
from the vernal equinox may always be 
equal to each other. The interval of time 
between two consecutive transits of this 
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third sun over the meridian forms the 
mean astronomical day. Mean time is 
measured by the Dumber of these transits ; 
true time or solar titneby the nunber of 
transits of the real sun over the meridian. 
Tbe arc of the equator intercepted hy two 
meridians druwn through the centres ofHie 
real sun. and the third sun reduced into time, 
in the proportion of the whole circumfer- 
ence to one day, is that which is called the 
equation qftime. 

The returns of the Sun to the same equi- 
nox mark the years in the same manner as 
its returns to the meridian mark the days. 
In consequence of its annual motion it 
employs *365.243222 to return to theyer- 
nal equinox. This period forms the tro- 
pical year. Observation shews us that 
he employs a longer time to return to the 
same stars. The siderial year is the in- 
terval between two of these consecutive 
returns ; it is greater than a tropical year 
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by * 0, 01463 of a day. Thus the equi- 
noxes haye a retrograde motion on the 
ecliptic^ or in a direction contrary to that 
of the SUm, by which they describe every 
year an arc equal to the mean motion of the ' 
$m in the interval of 0,01462 or 155''09.t 
the uses of society different periods 
hl^ been imagined to measure the por- 
tions of this revolution. Nature offers two 
very remarkable ones in the returns of the 
Sun to the meridian, and to the same equir 
nox; but both require to be divided into 
smaller periods. The division of the day 
into ten hours, the hour into a hundred 
minutes, and the minute into a hundred 
seconds, is the most simple ; it is natural to 
make the astronomical day commence at 
midnight, that it may comprehend in its 
duration all the time of the presence of the 
Sun above the horizon. It is convenient 
to fix the origin of the year at the vernal 
equinox, the period in which nature begins 
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to revive ; tbe seasons divide the year into 
four parts, which are each again subdivid- 
ed into three months of thirtydays. Each 
month has been divided into three periods 
often days or decades. In this manner 
the civil year would be divided into 360 
days, but we have seen that it really coi 
siats of above 365; these days of excess are 
called complementary. Notwithstandinj^ 
in this system of dividing the year, the or- 
der of things relative to tbe days of the 
decade will be something deranged by the 
complementary days; the correspondence of 
the days of the decade with the days of 
the month, and of the decadary festivals 
with that of the seasons, will render it pre- 
ferable to the smaller division into weeks 
which arc independent of the months. 

If the length of theyear was fixed at 365 
days, its commencement would continually 
anticipate that of the tropical year, and 
the months would pass through all the 
different seasons with a retrograde motion 
in a period of about 1320 years. Tliig 
c6 
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method, formerly in use in Egypt^ deprives 
th^ calendar of the advantage of fixing the 
months and festivals at the seasons^ and of 
rendering them useful epochs for the pur- 
poses of agriculture. This great advan- 
tage may be preserved to the inhabitants 
of the country, by considering the origin 
of the year as an astronomical phenomenon, 
M^hich should be fixed by observation and 
calculation at the moment of midnight, 
\vhich precedes the vernal equinox ; but 
then the years would lose the advantage of 
being regular periods of time, easy to subdi- 
vide into days^and introduce some confusion 
into history and chronology, and sometimes 
render even the origin of the year uncer- 
tain, which we always require should be 
known in advance. To obviate these con- 
veniences, and to fix the same months and 
festivals at the same seasons, intercalations 
have been contrived. The most simple of 
all is that which the Persians adopted in 
the eleventh century ; it consists in adding 
seven times following six complementary 
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days instead of five every four years; and 
only to make tbis addition the eighth time 
every fifth year. The years thus aug- 
mented were called sextile^ to distinguish 
them from the others^ called commjon. 
According to this mode of intercalation^ in 
thirty-three years^ eight are sextile and 
twenty^five are common, This supposes 
the length of the 365 h days greater by 
* 0.000202 of a day than the tropical year 
determined by observations ; but a great 
number of centuries must elapse before 
the origin of the year would be so far re- 
moved from the equinox as to be sensible 
to the agriculturist. 

It is much to be wished that all nations 
would adopt one common aera^ not depend- 
ing on moral revolutions, but determined 
by astronomical phenomena alone. We 
might fix its origin in the year in which 
the apogee of the solar orbit coincided 
with the summer solstice, which happened 
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about the year 1S50 ; we should take for 
this origin the moment of the mean vernal 
equinox, which in that year answered to 
the 15th March,* b^ 3676 at Paris. The 
universal meridian, from which terrestrial 
longitudes should be reckoned, should he 
that of the place at which it was midnight 
at that instant, and which is to the east of 
Paris 1 185*^3960. If after a long succes- 
sion of ages, the origin of the sera should 
become uncertain, it would be difficult to 
recover it exactly by the motion of the 
apogee, considering the slowness and the 
irregularity of this motion ; but we should 
have no uncertainty as to this origin, or as 
to the position of the universal meridian, 
upon calling to mind that at the moment 
of the mean equinox the mean longitude 
of the moon was J 143^7714. Thus what- 
ever is arbitrary in the origin of time, and 
of terrestrial longitudes might be made 
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to disappear. By afterwards adopting 
the preceding intercalation and division of 
the year^ month, and day^ we should obtain 
the most natural and simple calendar that 
can be suited to the inhabitants of this 
side of the equator. 

One hundred years form a century^ which 
is the longest period hitherto employed in 
the division of time. 
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CHAP. IV. 

OftkeMoiion of the Moon, its Phases and Eclipses, 

After the Sun^ the Moon of all the hea* 
venly bodies is that which interests us the 
most ; its phases afford us a measure of 
time so remarkable that it has been primi- 
tively in use among all people. The Moon^ 
like the Sun^ has a proper motion from west 
to east, the length of its siderial revolu- 
tion was * 27^321 661 18036, at the com- 
mencement of 1700 ; it is not the same for 
every century. The comparison of modern 
with ancient observations shews incontest- 
ably an acceleration in the mean motion 
of the Moon. This acceleration, though 
but little sensible since the most ancient 
recorded eclipse, will be developed in pro- 
gress of time. But will it for ever continue 
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Id increase, or will It slop and be changed 
into a retardation ? this raonot be deter- 
mined by observations, except after an im- 
mense number of ages ; fortunately the dis- 
covery of its cause has anticipated them 
I andshewn that it is periodical. The Moon 
moves in an elliptic orbit, of which the 
Earth occupies one of the foci. Its radius 
vector describes about this point equal 
areas io equal times. The mean distance 
of the Moon from the Earth being taken as 
unity, the excentricity of its ellipse is 
0.0550368, which gives for the greatest 
equation of its centre *'(''0099, The lunar 
perigee has a direct motion, that is, in the 
same direction as the motion of the Sun, and 
the length of its sidereal revolution is 
+ 3232,46643 days. 

These laws, analogous to thoseof thesolar 
motion, are very far from being sufficient 
to represent the observations; the lunar 
motion is subject to a great many other 
irregularities, which are evidently con- 
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nected i;i^ith the position of the Sun. We 
shall indicate the three principal. The 
most considerable of all^ and that which 
was first recognized^is what we now call the 
erection ; this inequality^ which amounts 
to * 1*4902 is proportional to the sine of 
double the mean angular distance of the 
Moon from the Sun^ minus the mean angu- 
lar distance of the Moon from the perigee 
of its orbit. In the oppositions and con« 
junctions of the Moon with the Sun, it is 
confounded with the equation of the cen- 
ter, which it constantly diminishes, and for 
this reason the ancient astronomers who 
only determined the elements of the lunar 
theory by the means of eclipses, and with 
a view of predicting these phenomena, al- 
ways found the equation of the centre less 
than the truth by the whole quantity of the 
cvection. We observe likewise in the 
lunar motions a great inequality, which 
disappears in the conjunctions and op- 
positions, and also in those points where 
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' the Sun and Moon are distant from each 
other * IOTA It is at its maximum and 
aniouats to ■\ 0*6608 when their mutual 
distance is 150° ; from whence it ia inferred 
that it is proportional to the sine of double 
the mean distance of the Moon from the 
Sun : this inequality, which ia called the 
variation, disappears in eclipses, and 
therefore could not have been discovered 
by the observation of those phenomena. 
Lastly, the motion of the Moon is acce- 
lerated when that of the Sun Is retarded,and 
reciprocally from which another inequality 
arises known by the name of the annual 
equation, and of which the law is exactly 
the same with that of the equation of the 
centre of the Sun, but with a contrarysign. 
This inequality, which at its maximum is 
J0°2064, in eclipses becomes confounded 
vith the equation of the centre of the Sud, 
and in calculating the instant of these phe- 
.aomena it is indifferent whether we conai- 
i-der separately these two equations, or sup- 
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press the annual equation of the lunartheory^ 
to augment the equation of the centre ofthfc 
Sun. This is one of the principal reasons 
why the ancient astronomers gave too great 
a value to this last equation^ at the same 
time that they assigned one too small to 
the equation of the center of the Moon, af- 
fected by the evection. The lunar orbit i$ 
inclined to the plane of the ecliptic* 
5^7188; its points of intersection with it, 
called the nodes, are not fixed in the hea* 
vens, they have motion contrary to that of 
the Sun; which it is easy to recognize by 
the succession of stars the Moon meets with 
in traversing the ecliptic. The length of 
the sidereal revolution of these nodes is 
1 6793^ 3009. The ascending node is that in 
which the Moon rises above the ecliptic 
to advance towards the north pole ; the de- 
scending node is that in which the Moon is 
descending towards the south. Their motion 
is subject to several inequalities, of which 
the greatest is proportional to the sine of 
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double the angular distance of the Sun 
from the ascending node of the lunar orbits 

and amounts to * V 8105 at its maximum. 

» 

The inclination of the orbit is equally va- 
riable^ its greatest inequality amounting 
tof 0**1631, is proportional to the cosine of 
the same angle, on which the inequality of 
the motion of the nodes depends. 

The lunar orbit, and the orbits of the 
other heavenly bodies, have no more a real ^ 
existence than the parabolas described by 
the projectiles at the Earth's surface. To 
represent the motion of a body in space we 
imagine a line passing through all the suc- 
cessive positions of its centre ; this line is 
its orbit, whose plane is that which passes 
through two consecutive positions of the 
body, and at the same time through the 
centre, round which the motion takes place. 
Instead of conceiving the motion of a body 
in this manner, we may in imagination sup*- 
pose it projected on a fixed plane and de- ^ 
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termine the curve of projection and th^ 
height of the body above this plane* These 
different methods have their peculiar advan* 
tages^ whicb^ according to circumstances, 
may render one preferable to the other. 

The apparent diameter varies in a man- 
ner analogous to the lunar motions^ it is 
* 3438", at its greatest distance, and f 6207 
at its least. 

^ The same means which were insufficient 
to determine the parallax of the 8un^ on 
account of its smallness^ have giVenthat of 
the Moon equal to J 10676" at its distance 
from the Earth, which is an arithmetical 
mean between the two extremes ; thus at 
the same distance at which the Moon ap- 
pears to us to subtend an angle of § 5823^' 
the earth would be seen under an angle of 
Q 21352'', their diameters then are in the 
ratio of these numbers, or very nearly as 
3 to 11> and the volume of the lunar globe 
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is 49 times less than the yolume of the 
Earth. 

The phases of the Moon are among the 
most striking phenomena of the heavens. 
In disengaging itself in the evening from 
the rajs of the Sun it re-appears with a 
slender crescent, which increases with its 
distance^ and becomes an entire circle of 
lights when it is in opposition with the 
Sun. When it afterwards approaches to 
it^ this circle is changed into a crescent 
which diminishes according to the same 
degrees by which ithadincreased^till in the 
morning it becomes immersed in the solar 
rays. The lunar crescent, always turned to- 
wards the Sun, evidently indicates that it is 
from the Sun it receives its light ; and the 
law of the variation of its phases, which in- 
crease nearly as the versed sine of the an- 
gular distance of the Moon from the Sun^ 
proves to us thaltitis spherical. 

These phases are renewed at every con- 
junction,their return depends on the excess 
of the synodical motiw of the Moon above 
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that of the Sun^ which excess is called the 
synodical motion of the Moon. The length 
of the synodic revolution of the Moon^ or 
the period of its mean conjunction is *29**. 
530588, it is to the tropical year nearly 
in the ratio of 19 to 235, that is 19 solar 
years form about 235 lunar months. 

The sysygies arethe points of the Moon's 
orbit, in which the Moon is in conjunction 
' or opposition with the Sun ; in the first 
point, the Moon is new, in the second full. 
The quadratures are the points of the or- 
bit in which it is distant from the Sun 
f 100 or 300, reckoning in the direction of 
its proper motion. In those points which 
are called the first and second quarters of 
the Moon we see nearly half of its enligh- 
tened hemisphere, strictly speaking we see 
a little more^ for when the exact half is 
presented to us the angular distance of the 
Moon from the Sun is a little le^s than % LOG 
degrees. At this instant^ which we recog- 
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ntse, because tbe ealighteaed is separatecl 
from the obscure part of tbe Moon by a 
straigbtliae, the radius drawn from tbe ob- 
server to the centre of the Moon is perpen- 
dicular to that which joins tbe centres of 
the Mood and Sun. 

Thus in tbe triangle formed hy the 
straight lines which join these centres and 
the eye of the observer, the angle at tbe 
Moon is a right one; the distance therefore 
of tbe Earth to the Sun may be determined 
in parts of that of tbe Moon from the 
Earth. Tbe difiSculty of fixing with pre- 
cision tbe instant in which we see tbe half' 
of the lunar disk enlightened, renders this 
method not very exact; we owe to it never- 
theless the first just notions that were 
formed of the immense tnaguitude of 
theSun and of its distance from tbe Earth. 

Tbe explanation of the phases of tbe 
Moon leads ua to that of eclipses, objects 
of terror to men in the times of igaoraiice, 
butof curiosity to philosophers in all ages. 
The Moon can only be eclipsed by the in- 
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terposition ofiome opakebody which de- 
prives it of the light of the Sun, it is evi- 
dent that this opake body is the Earth^since 
an eclipse of the Moon never happens but 
at the oppositions^ or when the Earth is be- 
tween it and the Sun. The terrestrial 
globe projects behind it relatively to the 
Sun^ a conical shadow^ the axis of which 
is the straight line which joins the centres 
of the Sun and the Earthy and terminates in 
a point where the diameters of these two 
bodies are the same. These diameters seen 
from the centre of the Moon in opposition 
and at its mean distance are nearly *' 5920' 
for the Sun and f 31353'' for the Earth : 
thus the cone of the terrestrial shadow is at 
least three times longer than the distance of 
the Moon from the Earth ; and its breadth 
at the points where it is traversed by the 
Moon is more than double the lunar diame- 
ter. The Moon, therefore^ would be eclips- 
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ed every time she is in opposition with the 
Sun^ if the plane of her orbit coincided with 
the ecliptic; but inconsequence of the mu 
tual inclination of these planes, the Moon in 
the oppositions is often elevated above^ or 

« 

depressed below the lunar shadow^ and does 
not enter it but when she is near the nodes. 
If the whole of the disk is immersed in the 
shadow^ the eclipse of the Moon is said to 
be total ; it is partial if only a portion of the 
disk is obscured ; and we may conceive that 
the greater or less proximity of the Moon 
to the nodes at the moment of opposition 
may produce all the varieties which are ob- 
served in these eclipses. 

The mean period of the revolution of the 
Sun is, with respect to the node of the 
Mocin's orbit, * 346.61963 days ; it is to 
the synodical revolution of the Moon near- 
ly in the ratio of 333to 19 : thus after a pe- 
riod of 233 lunar months, the Sun and 
Moon return again to nearly the same posi^ 
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tion relatively tothe nodes of the lunar orbit. 
As the eclipse should return again in the 
sameorderj this circumstance affords an ea- 
sy manner of predicting them ; but the ine- 
qualities of the motions of the Sun and the 
Moon produce very sensible differences, 
and besides the return of these two bodies 
to the same position with respect to the 
node in 223 months is not rigorously exacts 
the deviations which result, change at 
length the order of the eclipses that have 
been observed during one of these periods* 
It is only in the conjunctions of the Sun 
and Moon that we can observe a solar 
eclipse, when the Moon interposed between 
the Earth and the Sun intercepts its rays. 
Although the Moon is incomparably smal- 
ler than the Sun yet by a remarkable cir- 
cumstance, on account of its vicinity, its 
diameter differs but little from that of the 
Sun, it even happens from the variations, 
in these diameters that they surpass alter- . 
uately one another. Let us imagine the 
Sun and Moon in the same straight line with 




tlie eye of the observer, he will see the Sun 
eclipsed, and if the apparent diameter of 
the Moon surpasses that of the Sun, the 
eclipse will be total, but if the diameter be 
less, he will sec a luminous ring formed by 
that part of the Sun which extends beyond 
the disk of the Moon and the eclipse will 
be annular ; if the Moon is not on the 
straight line which joins the centre of the 
Sun, and the observer, the Moon may then 
only conceal a part of the solar disk, and 
the eclipse will be partial Thus the dif- 
ference in the distances of tbe Suu and Mooa: 
from the centre of the Earth, and of tbftj 
proximity of the Moon to the node, must 
produce a great variety in the circum- 
stances of a solar eclipse ; to this may be'j 
added the elevation of the Moon above ths' 
horizon, which changes the angle of its| 
apparent diameter, and which by the ef* 
fectof the lunar parallax, mayio augment 
or diminish the apparent distances of tlie 
Sun and Moon, that of two observers, one 
may eee an eclipse of the Sun, which will 
D 3 
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be totally invisible to the other. In this 
respect eclipses of the Sun differ from those 
of the Moon, which are the same to all 
places on. the Earth. 

We often see the shadow of a cloud trans- 
ported by the winds rapidly pass over the 
hills and valleys, dcprivingthose spectators 
which it reaches of the light of the Sua 
which others are enjoying; this is the exact 
image of a total eclipse of the Sun; a 
profound night which under favourable 
circumstances may last about five mi- 
nutes accompanies these eclipses; the sud- 
den disapparition of the Sun, with 
the sudden darkness that succeeds^ fills all 
animals with dread ; the stars which had 
been effaced by the light of day, show 
themselves in their full lustre, and the 
lieaven resembles the most profound night : 

.round the lunar disk, a crown of pale 
light has been perceived, which is pro- 
bably the solar /itmosphere^ for its extent 
cannot accord with that of the Moon, as 

. we are assured by eclipses of the Sun and 
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stars^ that the lunar atmosphere is nearly 
insensible. The atmosphere which we 
may suppose to surround the Moon^ in- 
flects the luminous rays towards its centre^ 
and if (as should be the case) the atmos- 
pherical strata are rarer in proportion as 
they are removed from the surface^ these 
rays in penetrating into it^ will be in- 
flected more and more^ and will describe 
a curve concave towards its centre. An 
observer in the Moon will not Cease to seie 
a star till it is depressed below the hori-^ 
zon an angle^ called the horizontal refrac- 
tion. The rays emanating from this star, 
seen at the horizon after having just 
touched the surface of the Moon^ will 
continue their route by describing a curve 
similar to that by which they arrived ; 
thus an observer placed behind the moon, 
relatively to the star, will see it in conse* 
quence of the inflection of the lunar at- 
mosphere. The diameter of the Moon is 
not sensibly augmented by the refraction 
of its atmosphere ; therefore a star eclipsed 
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y the Moon would be so, later tliai 
this atmosphere did not exist ; and for 
the same reason would sooner cease to be 
eclipsed: thus the effect of a lunar at- 
mosphere would be principally perceived 
in the length of the eclipses of the Sun 
and stars by the Moon. Very exact and 
numerous observations have scarcely indi- 
cated a suspjcioD of this influence, and 
we may be assured that at the surface of 
the Mood, the horizontal refraction does 
notexceed * 5''. We shall see that at the 
surface of the Karth, this refraction is at 
least one thousand times greater ; the lunar 
atmosphere, thereforej if any exist, must 
be of an extreme rarity, and even superior 
to that which we produce in our bcst- 
xonstructed air-pumps. From hence we 
may conclude that no terrestrial animal 
could live or respire at the moon, and that 
if it is inhabited, it must be by animalj 
cf another nature, and fluids being so 
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little condpressed by an atmosphere so 
rare^ "would soon be reduced to vapours ; 
there is then reason to think that all 
is solid at the surface of the moon^ and 
this sterns to be confirmed by the appear- 
ances T¥hich are seen in a good telescope^ 
which shows it to us as an arid mass^ on 
which some have thought they perceiy- 
ed the effects and even the explosion of 
T olcanoes. 

Bouguer has found by experiment 
that the light of the full Moon is about 
three hundred times fainter than that of 
the Sun. This is the reason why its light, 
collected in the focus of our largest mir- 
rors^ produces no sensible effect on the 
thermometer. 

The Moon does not disappear entirely 
in its eclipses, but is still enlightened by a 
Tery faint light which comes to it by the 
Sun's rays inflected through the terrestrial 
atmosphere, and but for the great absorp- 
tion of these rays by our atmosphere its 
brightness would be more viyid than when 
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at the full moon. It is evident that this 
light should be- more considerable in the 
eclipse's apogee than perigee ; the vapours 
and clouds may weaken it so much as to 
render the Moon in these eclipses sometimes 
invisible ; and the history of astronomy 
affords us several examples^ though rare, 
of the total disapparition of the Moon. 

We may sometimes distmguish^ particu- 
larly about the time of new Moon^ that part 
of the lunar disk which is not enlightened 
by the Sun ; this feeble light has been cal- 
led lumihrc cendrie, and is the effect of the 
light which the illuminated hemisphere of 
the Earth reflects upon the Moon ; what 



proves it is^ that it is most sensible at the 
new moon, when the greatest part of. this 
hemisphere is directed to the Moon ; for it 
is clear that to a spectator in the Moon, the 
Earth will present a succession of phases, 
similar to that which the Moon presents to 
uSj but accompanied by a much more in- 
tense light from the greater extent of the 
terrestrial surface. 
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The lunar disk contains a great number 
of invariable spots which have been ob- 
served and accurately described. They 
shew us, that this body always presents to 
us very nearly the same hemisphere ; it 
turns theil upon itself in a period equal to 
its rotation round the Earth, for if we 
imagine an observer placed at the centre 
of the Moon, supposed transparent, he will 
see the Earth and its visual ray revolve 
about him, and since this ray always inter- 
sects nearly the same point of the lunar 
surface, it is evident that this point must 
revolve round the spectator in the ' same 
time, and in the same direction as the 
Earth. 

Nevertheless, continued observation of 
the lunar disk has discovered some small 
diversity in these appearances, the spots 
are perceived to approach to and recede 
alternately from the limb ; those that arc 
very near the extremity, appear and dis- 
appear successively by periodical oscilla- 
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tions, which have been distinguished by 
the name of the libration of the moon. 

To form a just idea of the principal 
causes of this phenomenon^ we should con- 

# 

sider that the disk of the Moon^ seen from 
the centre of the Earthy is terminated bj 
a great circle of the lunar globe^ perpen- 
dicular to the radius drawn from this cen- 
tre to that of the globe. It is upon the 
plane of this great circle^ that the hemi- 
sphere of the Moon is projected directed 
towards the Earthy and its appearances 
arise from its motion of rotation^ rela- 
tively to its radius vector : if it was with- 
out a motion of rotation^ this radius vec- 
tor would trace, at every lunar revolution, 
the circumferenx^e of a great circle upon 
its surface, every point of which would 
be successively turned to us ; but at the 
same time that the radius vector traces 
this circumference, the lunar globe by 
its revolution brings always very nearly 
the same point of its surface to this ra- 
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dius, aod consequently the same he 
sphere towards tbe Earth. The iacquati- 
ties of the motion of the Moon produce 
some small variations in these appearances, 
for the motion of rotation not partaking 
Id a sensible manner of these inequalities, 
it is variable with respect to its radius 
vector, which thus intersects its surface 
atdiSerent points. The lunar globe there-* 
fore makesj with respect to this radlu9,-4 
oscillations corresponding to the inequa- 
lities of its motion, which causes some 
part of its surface to be alternately con- 
cealed and exposed to our observation, 

Moreoverj tbe axis of rotation of the 
Moon is not exactly perpendicular to the 
plane of its orbit. In supposing it nearly 
fixed during a whole revolution of the 
lunar globe, it inclines more or less upon 
the radius vector of the Moouj and the 
angle formed by these two lines is acute 
during one half of the revolution, and 
obtuse during the other half ; a spectator at 
the Earth sees, therefore, alternately one 
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and the other pole of rotation and the parts 
of the surface which are near it. 

And lastly, the observer is not at the 
centre of the Earth, but at the surface j 
it is the visual ray drawn from his eye to 
the centre of the Moon, which determines 
the middle of the visible hemisphere, and 
it is clear that from the effect of the lunar 
parallax, this radius cuts the surface of 
the Moon at different points> according to 
the height of the Moon above the ho* 
rizon. 

All these causes produce only an appa- 
rent libration of the lunar globe, they are 
mere optical illusions, and do not affect 
its real motion of rotation ; it is never- 
theless true that this rotation may be 
subject to some small irregularities, but 
they have not yet been detected by ob- 
servation. 

It is not the same with the inequalities 
of the lunar equator. In endeavouring to 
determine its position by observations on 
the spots of the Moon, Dominique Cassini 
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vas led to this remarkable result^ which 
contains all the astronomical theory of the 
real libratiou of the Moon. If we con- 
ceive a plane to pass through the centre of 
the Moon^ perpendicular to its axis of ror 
tation^ a plane which will be coincident 
with that of its equator^ if moreover^ we 
imagine a second plane^ parallel to that of 
the ecliptic^ and a third plane^ which is 
the mean plane of the lunar orbits these 
three planes will always have a common 
intersection. The second plane^ situated 
between the two others, forms with the 
first an angle of about * 1^67; by and with 
the second, an angle of f 5**.7I88. Thus 
the intersections of the lunar orbit, with 
the ecliptic, or its nodes^ always coincide 
with the mean nodes of the lunar orbit, 
and like them, have a retrograde motion, 
whose period is J 6793'.3009. In this 
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interval^ the t'cvo poles of the equator and 
of the lunar orbits describe small circles 
parallel to the ecliptic^ comprehending 
between them the poles of the ecliptic in 
such a manner^ that these three poles are 
constantly situated on a great circle of the 
heavenly sphere. 

Mountains of a very great height, rise 
up from the surface of the Moon ; their 
shadows^ projected on the plains^ form 
spots which vary with the position of the 
Sun ; upon the edge of the enlightened 
disk we see these mountains forming an 
indented border^ extending beyond the line 
of light by a quantity which, being mea- 
suredj indicates that their height is at 
least ten or twelve thousand feet. We re- 
cognize likewise by the direction of the 
shadows, that the surface is broken by 
cavities, nearly resembling the basons of 
our seas. Lastly, the lunar surface seems 
to shew the traces of volcanos ; several- 
observers have seen upon the unenlight- 
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ened part^ a vivid light, which they 
have attributed to a volcanic erup- 
tion. We may likewise attribute to this 
cause, the formation of several new lunar 
spots. 
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CHAP. V. 



Of the Planets, qnd in particular of Mereury and 

Venus* 

In the midst of the infinite number of 
shining bodies^ which are spread over 
the surface of the heavenly firmament^ 
and which preserve amo^g themselves a 
position nearly constant^ we may perceive 
six stars moving in regulated periods and 
according to complicated laws^ the investi- 
gation of which is'one of the principal ob- 
jects of astronomy. These stars^ to which 
have been given the name of planets^ are 
Mercury, Venus, Mars, Jupiter, Saturn 
and Uranus ; the two first never recede 
from the Sun beyond certain limits, the 
others are occasionally separated from him 
by all the angular distances possible. The 
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motions of all these bodies are comprehend- 
ed in a zone of the celestial sphere caU 
led the zodiac^ the breadth of which is 
about * 26^ and divided into two equal 
parts by the ecliptic. 

The distance of Mercury from the Sun 
never exceeds f 32*; when it begins to ap- 
pear in the evening it is with difficulty 
distinguished in the rays of twilight; it dis- 
engages itself more and more in the follow- 
ing days^ and after arriving at about 
X 25* from the Sun^ it ireturns towards him 
again. In this interval the motion of Mer- 
cury with respect to the fixed stars is di^ 
rect^ but when in returning it comes with- 
in the distance of § 20* of the Sun, it seems 
stationary^ after which its motion appears 
retrograde^ it continues to approach the 
8un^ and is again in the evening lost in his 
rays. After continuing some time invisi- 
ble^ it is seen again in the mornings disen* 
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gaging itself from the Sun's rays and de- 
parting from the Sun^ its motion is still 
retrograde as before its disapparition; arri- 
ved at the distance of 20® it is again stati<-> 
onary^ then resumes its direct motion^ its 
distance increases to 25**, it then returns, and 
disappearing in the morning in the light of 
the dawn, is soon after seen again in the 
evening, producing the same phenomena as 
before. 

The extent of the greatest digressions of 
Mercury,or its greatest separation from the 
Sun on each side varies from * 18 to +32 
degrees. 

The length of ita entire oscillation or 
return to the same position relatively to 
the Sun, varies likewise from one hun- 
dred and six, to one hundred and thirt;y 
days, the mean arc of its retrogradation is 
about X 1^% 9*°^ ^ts mean duration 23 
days, but there is a great difference in 
these quantities in different retrogradations. 
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In general the laws of the motion of Mer- 
cury are extremely complicated^ they da 
not take place exactly in the plane of the 
ecliptic; sometimes the planet departs 
♦ 5^ from it. 

A long series of observations was no 
doubt necessary to recognise the identity 
of the t wo stars^ which were alternately 
seen in the morning and in the evening to 
depart from and return to the Sun ; but 
as one never shewed itself till the other dis* 
appeared^ it was at last suspected to be the 
same planet which thus oscillated on each 
side of the Siin. 

The apparent diameter of Mercury is 
very variable^ and its changes are evidently 
connected with its relative position to the 
Sun and the direction of his motion. It is 
a minimum either when the planet in a 
morning immerges into the solar rays^ or 
when in the evening it disengages itself 
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from them ; it is at its maximum when it 
immerges into the Sun's light in an eren- 
ing, or when it again becomes visible in 
the morning. Its mean apparent diameter 
is*2r,3. 

Sometimes^in the interval of its disappa- 
rition in the evening and its re-apparition in 
the morning; it is seen projected in the 
form of a black spot^ upon the disk of the 
Sun on which it describes a chord. 

It is known to be the same^ by its posi- 
tion^ its apparent diameter^ and its retro- 
grade motion being the same as it ought to 
be; these transits of Mercury are real 
annular eclipses of the Sun^ from which we 
discover'that the light of the planets is bor* 
rowed from it; when viewed in a good te- 
lescope it presents to us phases similar to 
those of the Moon, directed in the same 
manner towards the Sun^ and of which 
the variable extent according to its re- 
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lative position with respect to it and 
following the direction of its motion^ 
throws a great light on the nature of its 
orbit. 

The planet Venus offers the same phe- 
nomena as Mercury, with this difference 
that its phases are much more sensible^ its 
oscillations more extensive and their period 
more considerable. The greatest digressions 
of Venus vary from * 50* to + 53** and the 
mean length of its entire oscillations is584^. 
The retrogradations commence or finish 
when the planet approachingthe Sun in the 
evening or receding from it in the morning 
is distant from it J33\ The mean arc of its 
retrog nidation is about § 18*^ and its mean 
duration forty-two days. Venus dots not 
move exactly in the plane of the ecliptic, 
but sometimes deviates from it several de- 
grees. 

Like Mercury, Venus appears some- 
times to describea chord of the disk of the 
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Sun. The lengths of these transits over 
the Sun ohserved at different places on the 
Earthy remote from each other^ are very 
sensibly different — this arises from the pa« 
rallax of Venus^in virtue of which different 
observers refer it to different points of the 
solar disk^andsee it describe differentchords 
in its passage oyer it. In the transit which 
took place in 1769, the difference of itsdu-* 
ration, as observed at Otaheite, in the 
South Sea, and at Lajanebourg in Swedish 
Lapland, amounted to more than ^15 mi- 
nutes. As these durations can be calculat- 
ed with great precision,, their differences 
give very exactly the parallax of yenus,and 
consequently its distance from the Earth at 
the moment of conjunction. A remarka- 
ble law which we shall explain, at the end 
of the discoveries which made it known, 
connects this parallax with that of the Sun 
and planets; thus the observation of these 
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traBsits is of great importance in astronomj. 
After succeeding each other in the interval 
of eight years^ thej do not occur again fpr 
more than a century^ when they succeed 
each other again^during an interyal of eigl^t 
yearsj and thus they continue. 

The two last transits happened in 1761 
and 1769. Astronomers were sent to different 
countries^ where the obseryations coul4 
be made under the most favourable circum^- 
atances^aud it is from the result of their ob- 
servations that the parallax of the Sun hs^ 
been concluded to be equal to * %V% 
at its mean distance from the Earth. 

The great variations in the diameter of 
Venus prove that its distance is continu- 
ally changing. The distance is the least 
at the moment of her transit over the dis^ 
of the Sun^ its jippareot diameter being 
then about f 177 > Its mean diameter is 
J 51" 54. 
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The motion of some spots upon its icrf^ 
face instructed Dominique Cassini that 
its rotation on its axis is performed in the 
intenral of rather less than a day. Schroeter 
by continued observation of the yariatioii 
of its horns and of some luminous points to* 
wards the edges of the unenlightened parts, 
has confirmed this result^ concerning which 
some doubts had arisen. He has fixed the 
duration of its rotatory motion at f 0^973 
days, and has founds like Cassini, that the 
equator of Venus makes a considerable angle 
with the ecliptic. Finally^ he has concluded 
the existence of high mountains on its sur- 
face from his observations^and from the law 
by which its light gradually varies from its 
enlightened to its unenlightened side ; be 
supposes the planet surrounded with an ex- 
tensive atmosphere, the refracting power of 
which difiers but little from that of the 
terrestrial atmosphere. 

The extreme difficulty of seeing these 
spots even in the best telescopes^ renders 
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these obserrations almost impossible in our 
climatesj but they merit the attention of ob- 
serversj who, situated in a more south- 
em latitude, enjoy a more favourable cli- 
mate. 

Venus surpasses in brightness all the 
other stars and planets ; it is sometimes so 
brilliant as to be seen in full day and hjth6 
naked eye. This phenomenon, which is 
not unfrequent, never fails to excite sur* 
prise, and the credulous ignorance of the 
vulgar, suppose it connected with the re* 
narkable events of the same time. 
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CHAP. VI. 

Of Mars. 

XiiE two planets which we have just consi- 
dered seemto accompany the Sun like satel- 
lites^and their mean motion round the Earth 
is the same as that of the Sun. The other 
planets recede from the Sun to all possi- 
ble angular distances^ but their motions 
bave such a connection with its position^ 
as can leave no doubt of his influence on 
them. 

Mars seems to move from west to east 
round the Earth ; the mean length of a si- 
dereal revolution is * eSG** 979579. Its 
motion is very unequal; when it begins to be 
visible in the morning it is direct and most 
rapid ; it becomes gradually slower^and the 
planet when it arrives at about f 152® from 
the Sun is stationary ; the motion then be- 
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comes retrograde^ increasing in velocity till 
the moment of opposition of the planet 
with the Sun. This velocity then becomes 
a maximum, diminishes^ and again becomes 
nothings when Mars^approaching the Sunj 
is distant from it 152^ Its motion then 
becomes again direct^ after having been re« 
trograde during 73 dajrs^ and in this inter* 
vail the planet describes an arc of retrogra** 
dation of about * 18% continuing to ap* 
proach the Sun it finishes by immerging in 
the evening into its rays. These singular 
phenomena are renewed at every opposi- 
tion of MarSj but with a considerable dif«- 
ference as to the extent and duriation of 
these retrogradations. 

Mars does not move exactly in the plane 
of the ecliptic^ but deviates occasionally se^ 
veral degrees. The variations in its appa- 
rent diameter are very great. It is about 
f 30*^, in its mean state^ and augments to 
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* 90''^ as tlie planet approaches its opposi* 
tion. At this time the parallax of Mar* 
becomes sensible^ and is nearly double that 
of the Sun. The same law which exists 
between the parallaxes of the Sun and Ve* 
nus exists likewise between the Sun and 
Mars^and the observation of this last paral- 
lax had given a very near approximation 
of the solar parallax before the transit of 
^ Venus had ascertained it with greater pre^* 
cision . 

The disk of Mars changes its form and 
becomes sensibly oval^ according to the re* 
lative position of the Sun. These phases 
show that it is from the Sun it receives its 
light. From the observation of spots dis* 
tinctly seen on its surface^ it is inferred 
that it moves on itself from west to easi 
in a period of f 1"^ 0S723^ and on an axis 
inclined 1 66^ 33^ to the ecliptic. 
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CHAP. VIL 

Of Jupiter and its Satellites. 

Jupiter moves from west to east in a 
period of « 4332^ 602206. It is subject to 
ioeqiiaiities similar to those of Mars pre- 
vious to its opposition^ and vhen it is 
nearly f 123 distant from it^ its motion 
becomes retrograde, its velocity augments 
till the moment of opposition, then dimi- 
nishes, and recovers its usual direction, 
when the planet, in its approach towards 
the Sun is only 128'' distant from it. The 
duration of this retrograde motion is about 
121'' and the arc of retrogradation is |11\ 
But there are perceptible differences in 
the extent and duration of the retrograde 
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motions of Jupiter. The path of this pla- 
net is not always confined to the ecliptic, 
it deviates from it occasionally *3 or 4 de- 
grees. 

Several obscure belts or stripes may be 
observed on the surface of Jupiter^ evi- 
dently parallel among themselves^ and also 
to the ecliptic ; there are likewise other 
f pots^ the motion of which has demonstra- 
ted the rotation of this planet from west to 
^ast^ upon an axis nearly perpendicular 
to the plane of the ecliptic^ and in a period 
of f 0^41377. The variations of some of 
"these spots^ and the sensible difference in 
the period of rotation^ deduced from their 
motions^ induce the opinion ^that they are 
not attached to Jupiter. They appear 
to be clouds which the winds transport 
i^ith various velocities, in an extremely 
agitated atmosphere. 

Jupiter is^ next toVenus^ the mostbril- 
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liant of the planets^ and sometimes eveii 
surpasses it ia brightness. Its apparent 
diameter is the greatest possible ; in its op« 
position^ when it is *14Q" its mean diame* 
ter in the direction of the equator^isf I2(y'« 
But it is not equal in every direction. The 
planet is evidently flattened at the poles of 
its axisj and it has been found by very ac- 
curate measurement that its diameter in 
the direction of its poles is to that of its 
equator^ nearly in the proportion of 13 
to 14. 

It is observed that there are four small 
stars round Jupiter^ which incessantly ac« 
company it. Their relative situation to 
each other changes every instant; they os- 
cillate on each side of the planet^ and it is 
by the extent of these oscillations that the 
rank of these satellites is determined^ that 
being called the first satellite whose oscil- 
lation is the least. They are sometimes 
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seen to pass oyer Jupiter's disk^ and pro* 
ject a shadow^ vhich then describes a 
chord of this disk. Jupiter and his satel- 
lites therefore are opaque bodies enlight* 
ened by the Sun^ and when they interpose 
between the Sun and Jupiter^hey produce 
real solar eclipses precisely similar to those 
which the Moon occasions on the Earth. 

This phenomenon leads to the explana- 
tion of another which the satellites present. 
They are often observed to disappear^ 
though at some distance from the disk of 
the planet; the third and fourth reappear 
sometimes^ on the same side of the disk. 

The shadow which Jupiter projects be- 
hind it (relatively to the Sun)^ is the only 
cause that can explain these disappear- 
ances^ which are perfectly similar to eclip- 
ses of the Moon. 

The circumstances which accompany 
them leave no doubt of the reality of this 
cause. The satellites are always t)b8erved 
to disappear on that side of the disk oppo* 
site to the Sun^ and consequently on the 
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same side to which the conical shadow it 
projected. They are eclipsed nearest to 
the disk when the planet is nearest to its 
opposition. Finallj', the dura(ion of thest 
eclipses answers precisely to the time which 
they should employ to traverse the cone 
of the shadow of Jupiter. 

Thus these satellites move from west to 
east in returning orbits round this planet. 
Observations of their eclipses are the most 
exact means of determiniog their motioat. 
Their mean sidereal and synodical revola 
tioDS as seen from the center of Jupiterj 
are very accurately determined by coi 
paring eclipses at long intervals from eacl 
other, and observed near the oppositii 
of the planet. 

It is thus discovered that the motion of 
the satellites of Jupiter is nearly circular 
and uoiforraj since this hypothesis corre- 
sponds very nearly with those eclipses 
which happen when we see this planet ia 
the same position relatively to the Sun. 

Therefore the positions of the satellitet 
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at every instant^ as seen from the centre of 
Jupiter^ may be determined. From hence 
results a simple and suflSciently exact me- 
thod of comparing with each other the 
distances of Jupiter and of the Sun from 
the Earth. A method which the ancient 
astronomers did not possess. For the paral- 
lax of Jupiter is insensible eyen to the preci- 
firion «f modern observations when it is near- 
est to us. They only j udged of its distance 
by the time of its revolution^ as they esti- 
mated those planets to be the farthest from 
us whose period of revolution was the Ion- 

^St« 

Let us suppose that the total duration of 
4tB eclipse of the third satellite has been 
observed. At the middle of the eclipse the 
satellite seen from the centre of Jupiter^ 
Is nearly in opposition to the Sun. Its 
sidereal position^ observed from this centre^ 
and which it is easy to conclude^ from its 
mean motion^is therefore the same as that of 
the centre of Jupiter seen from that of the 
Sun. 



85 

Direct observation^ or the known motion 
of the Sun^ gives the position of the Earth 
as seen from its centre. Thus^ imagining 
a triangle formed by the right lines which 
join the centres of the Sun ; the Earthy and 
Jupiter^ we have in this triangle the angle 
of the Suu^ observation will give that of 
the Earthy and we shall get at the instant 
of the middle of the eclipse the rectilinear 
distance from Jupiter to the Earth and to 
the Sun^ in parts of the distance from the 
Sun to the Earth. 

It is found by these means that Jupiter 
is at least five times farther from us than 
the SuUj when its apparent diameter is 
*120". The diameter of the Earth at the 
same distance would not subtend an angle 
of fll''; the volume of Jupiter is therefore 
at least a thousand times greater than that 
of the Earth. 

The apparent diameters of these satel- 
lites being insensible^ their magnitudes can- 
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not be exactly measured. Tbe attempt 
has been made to appreciate it by the time 
they take to penetrate the shadow of the 
planet. But there is a great discordance 
in the observations, which have been made 
to ascertain this circumstance ; this arises 
from the various powers of telescopes, the 
different degrees of perfection in the sight of 
the observer, the state of the atmosphere, the 
altitude ofthe satellites above the horizon, 
their apparent distance from Jupiter, and 
the change of the hemisphere presented to 
us. The comparative brightness of the 
satellites is independent of the four first 
causes, which only alter their proportional 
light, and ought therefore to afford infor^* 
mation concerning the rotatory motion of 
these bodies. Dr. Herschel who is occu- 
pied in this delicate investigation, has ob- 
served that they surpass each other alter- 
nately in brilliance^ a circumstance that 
enables us tojudge of their respective light. 
The relation of the maximum and mini- 
mum of their light with their mutual po- 
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sitioDS^ has persuaded him ihatthey reyolve 
upon themselves like a moon in the period 
equal to the duration of their revolution 
round Jupiter. A result which Maraldi 
had already concluded for the fourth satel- 
lite^ from the returns of the same. spot ob- 
served on its diskj in its passage over the 
planet. The great distance of the celestial 
bodies weakens the phenomena which 
their surfaces present^ till they are reduced 
to slight variations of lightj which escape 
the first view>and are only rendered sensible 
by a long course of observations. But 
this means, of supplying the imperfection 
of our organs ought to be used with the 
greatest circumspectiouj to avoid being 
deceived concerning the causes on which 
these varieties depend. 
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CHAP. VIIL 

Of Saturn, ofitt SateliiUSjandits Ring. 

The period of the sidereal motion of Sa- 
turn round the Earth, is *10759**. 077215. 
This motion^ which is from west to east^and 
ncarlj^ in the plane of the eclipticj is sub- 
ject to inequalities similar to those of Jupi- 
ter and Mars. It commences and finishes its 
retrograde motion when the planet before 
and after its opposition is about f 121* 
distant from the Sun. The duration of thii; 
retrogradation is nearly 131days,and the arc 
of retrogradation about J7°. At the moment 
of opposition, its diameter is a maximum, 
its mean magnitude is § 54''4. Saturn pre- 
sents a phenomenon unique in the system of 
the universe. Two small bodies are always 
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obserred on each side of it, which appear 
to adhere to iU and of which the form and 
magnitude are extremely variable^ some* 
times they even disappear^ and then Saturn 
appears round like the other planets. By 
following these singular appearances with 
care^ and combining them with the posi- 
tions of Saturn relatively to the Sun and the 
Earthy Huygens has discovered that they 
are produced by a large thin ring which 
surrounds the globe of Saturn and which 
is every where separated from it. This 
flag being inclined ^54''8 to the plane of 
the ecliptic^ always presents itself oblique- 
ly to the Elarth^ under the form of an el- 
lipscj whose breadth^ when at a maximum^ 
is nearly the half of its length. In this 
position its shorter axis exceeds in diame- 
ter the disk of the planet. The ellipse 
becomes narrower in proportion as the 
visual ray^ proceeding from Saturn to the 
Earthy becbmes less inclined to the plane 

♦49M9'12". 
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of the ring^ the farthest arc of which is at 
length hid behind the planet. And the 
anterior arc is confounded with it. But 
its shadow is projected upon the disk^ and 
forms an obscure band which can be seen in 
very powerful telescopes^ which proves 
that Saturn and its ring are opake bodies 
enlightened by the Sun. No part of the 
ring can then be distinguished except that 
which projects on each side of Saturn ; this 
diminishes by degrees^ and finally disappears 
when the Earth in consequence of the motion 
of Saturn^ is in the plane of the ring^ the 
thickness of which is not perceptible. The 
ring disappears also when the Sun being 
opposite to it only enlightens its thickness. 
It continues invisible as long as it remains 
between the Sun and Earthy and reappears 
when both are on the same side the planet 
from the respective motions of Saturn and 
the Sun. 

The plane of the ring meeting the solar 
orbit at every semi-revolution of Saturn^ 
the phenomena of its disappearance and re* 




appearanccj return every fifteen years, but 
frequeattj with very difterent circumstan- 
ceSj two disappearauces, and two re-ap- 
peaiances may occur in the same year, but 
never more. When the ring disappeare 
its thickness reflects the light of the Sun to 
us, but in too small a quantity to be per- 
ceptible. Nevertheless it may be con- 
ceived, that it might be seen by aug- 
menting the power of the telescope. Dr^ J 
Herschell found this in the last disappear- 
ance of Saturn's ringj which continued visi-* 
ble to him through the whole period, when 1 
it had ceased to be so to any other observer, f 
The inclination of the ring to the ectip-l 
tic is measured by the largest opening f 
which the ellipse presents to us. The por 
sition of its nodes may be determined bj I 
the apparent situation of Saturn, when I 
the ring disappears or reappears, the Earth J 
being in its plane. All the disappearances I 
and appearances from which the same si- I 
dcreal positions of the nodes of the ring | 
result, take place when its plane mecti | 
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the Earth. The others when the same 
plane meets the Sun. It may there- 
fore be known by the situation of Saturn 
when the ring disappears or reappears, 
whether this phenomenon is produced by 
its plane meeting the Sun or the Earth. 
When this plane passes through the Sun, 
the position of its nodes gives that of Sa- 
turn, as seen from the centr e of the Sun, 
and the rectilinear distance of Saturn from 
the Earth may be determined as that dis- 
tance of Jupiter is by the eclipses of its 
satellites. It is thus found that Saturn i« 
about nine times and a half farther from 
us than the Sun^ when its apparent diame- 
ter is* 54" 4, The apparent breadth of 
the ring is nearly equal to its distance from 
the surface of Saturn^ both appear to he 
one-third the diameter of the planet. 
But on account of the irradiation its real 
breadth should be smaller. 

Its surface is not uniform^ a black band 

* 17" 6. 
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which is concentric with it^ ditides it into 
two parts^ appearing to form two distinct 
rings. Observations of some bright points 
of this ring have proved to Dr. Herschel 
its rotation from west to cast in a period 
of ^O"* 437^ round an axis perpendicular to 
its plane^ and passing through the centre 
of Saturn. 

Seven satellites have been observed 
in motion round this planet^ from west 
to east in orbits nearly circular. The 
six first move nearly in the plane of the 
ring* The orbit of the seventh ap- 
proaches more to the plane of the ecliptic. 
When this satellite is to theeast of Saturn^ 
its light becomes weaker till it is scarcely 
perceptible^ which can only happen from 
the spots which cover the hemisphere 
which it presents to us. But for this phe- 
nomenon to occur always in the same po- 
sition^ it is requisite that this satellite 
(similar in that respect to our Moon and to 
the satellites of Jupiter) should revolve 

♦10^ 29' 16" 8. 
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upon its own axis^ in a period equal ttf 
that of its revolution round Saturn. Thus 
equality in the period of rotation and revo* 
lution appears to be a general law of the 
motion of satellites. 

The diameters of Saturuj are not equal 
among themselves. That which is per- 
pendicular to the plane of the ring^ is less 
by at least one-eleventh than that situated 
in the plane of the ring. If this elliptici^ 
be compared with that of Jupiter it may 
be concluded with great probability that 
Saturn turns rapidly round its shorter 
axis^ and that the ring moves in the plane 
of the equator. Dr. Herschel has con- 
firmed this result^ by direct observation^ 
he has found the duration of Saturn's ro* 
tation to be *0** 428. This rotation is 
like all the motions of the planetary system 
from west to east. Dr. Herschel has 
likewise observed on the surface of the 
planet five belts nearly parallel to its 
equator. 

+ 10'* 16' 19" 5. 
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CHAP. IX. 

Of Uranus and his SaUlUteu 

The fire planets that we have hitherto 
coDiidered have beeo known from the most 
remote antiquity. The planet Uranus 
had escaped the observation of ancient 
astronomers from its minuteness. Flam- 
stead at the end of the last century^ and 
Mayer and Le Monnier in this^ had ob- 
served it as a small star. But it was not 
till 1781 that Dr. Herschel discovered its 
motion^ and soon after^ by following this 
star carefully^ it has been ascertained to 
be a true planet. Like Mars^ Jupiter^ 
and Saturn^ Uranus moves from west to 
east round the Earth. The duration of 

its siderial revolution is ^30689^. Its mo- 

^1—— - •' ■ 1 1 ■ ■ ■* 
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tion^ which is nearly in the plane of the 
ecliptic^ begins to be retrograde when^ 
previous to the opposition^ the planet is 
* 115'' distant from the Sun. It ceases to 
be retrograde when^ after the opposition^ 
the planet in its approach to the Sun is only 
US'* distant from it. The duration of its 
retrogradation is about 151 days^ and its 
arc of retrogradation^ f 4 degrees. If the 
distance of Uranus were to be estimated 
by the slowness of its motion, it should 
be on the confines of the planetary system. 
Its apparent diameter . is very small 
and hardly amounts to J 12". Dr. 
Herschel by means of a very powerful 
telescope^ has discovered six satellites 
moving round this planet^ in orbits almost 
circular and nearly perpendicular to the 
plane of the ecliptic. 

<j ' ■ 
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CHAP. X. 



Of Comets. 

Stars are often observed^ which^ at firrt 
scarcely perceptible^ augment in size and 
in Telocitj> then diminish^ and finally 
disappear. These stars^ which are called 
comets, appear almost always accompa- 
nied with a nebulosity^ which increasing 
terminates sometimes in a train of con« 
iiderable lengthy which is composed of 
some substance extremely thin^ since the 
stars are seen through it. The appear- 
ance of comets^ followed by these long 
trains of lights has for a long period ter- 
rified mankind, always agitated by ex- 
traordinary events of which the causes 
are unknown. The light of science has 
dissipated the vain terrors which comets, 
eclipses, and many other phenomena in** 
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spired in the ages of ignorance. The 
phase observed in the comet of 1744^ of 
which only half the disk was enlight- 
enedj proves that these stars are opaque 
bodies which borrow their light from the 
8un. Comets participate like all the 
other stars in the diurnal motion of the 
heavens^ and this combined with the 
smallness of their parallax proves that they 
are not meteors engendered in our at- 
mosphere. Their own motions are very 
complicated^ and they are not confined 
like planets^ in one direction^ nor to planes 
little inclined to the ecliptic. 
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CHAP. XI. 



X)f the fixed Stan and their Motions. 

7dB parallax of ihe fixed stars is insen- 
Bible ; when examined by the most pow- 
erful telescopes^ their disks are reduced 
to luminous points. It is in this circum- 
stance that these celestial bodies differ 
from planets^ the apparent diameter of 
which is increased by telescopes. The 
smallness of the apparent diameter of the 
fixed stars is proved particularly by their 
rapid disappearance in their occultations 
by the Moon^ the time of which not 
amounting to one second^ proves that 
their diameter is less than^ five seconds 
of a degree. 
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The vivacity of the light of the most 
brilliant stars^ compared with the small- 
ness of their apparent disk^ leads us to 
believe that they are much farther from 
us than the planets, and that they do not 
like them borrow their light from. the 
Sun^ but are themselves luminous ; and 
as the smallest stars are subject to the 
same motions as the most brilliant^ and 
constantly preserve the same position re- 
latively to each other> it is extremely 
probable that all these celestial objects 
are of the same nature^ that they are -so 
many luminous bodies of different mag- 
nitudes^ and placed more or less disti^nt 
from the planetary system. 

Periodical variations have been ob- 
served in the intensity of the light of 
many of these stars^ which have been 
called on that account changeable. Some- 
times stars have been known to appear 
suddenly^ and vanish after they have shope 
with the most brilliant splendour. Such 
was the famous star observed in 1572^ 
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in the coasfellation of Cassiopeia ; 
short time it surpassed the brilliance of 
the most beautiful stars^ and even of Ju- 
piter itself. Its light afterwards dimi- 
nished, and it disappeared entirely sixteen 
months after its discovery, without hav- 
ing changed its place in the heavens ; Hi 
colour suffered considerable alterations, it i 
was at first of the most dazzling white, ■ 
then of a reddish yellow, and finally of a 
lead-coloured white. What is the cause 
of these phenomena ? The extensive spots' 
which these fixed stars present to us pe-' 
riodically in turning on their own axis' 
uearly in the same manner as the last 
Batellite of Saturn, and the interposition . 
of large opake bodies which circulate 
round them, are sufficient to explain the 
periodical variations of changeable stars. 
As to those stars which suddenly appear 
with a most brilliant light, and then va- 
nish, it may be supposed with probability, 
that great conflagrations occasioned by * 
extraordinary causes, take place on theif j 

F 3 
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surface^ and this supposition is confirmed 
b J their change of colour^ analogous to 
that which is presented to us on the 
earth by bodies which are consumed by 
fire. 

A white lighi;^ of an irregular form^ 
and to which the name of the Milky 
Way has been given^ surrounds the hea- 
vens ifx the form of a zone. So great a 
number o.f small stars have been disco- 
vered in it by melons of telescopes, that it is 
h^hly probable that the Milky Way ia 
nothing more than an assemblage of these 
stars, which are so close together as to 
appear one continued band of light. Small 
white spots of light are ^Iso observed 
in different part of the heavens^ which 
seem to be of the same nature as the 
Milky Way. Many of them viewed in 
a telescope equally display the union of 
several small fixed stars ; others only 
present a white and continued light, per^ 
haps on account of their great distance^ 
which confounds the light of the starfr of 
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wfaich the^ are composed. These white 
spots RTp called nebula. 

The constant position of the fixed 
stars with respect to each other, has de- 
termiaed astronomers to refer to them, as J 
to so many 6xed points, the motioui I 
proper to the other celestial hodies. But 
for this purpose it was necessary to class 
them, that they might be recognized ; 
and it was with this design that the hea- . 
Tens have been divided into various 
groupes of stars called constellations. It 
was likewise necessary to ascertain with 
precision the position of the fixed stars 
on the celestial sphere, and it was thug 
accomplished : Let a great circle be con- 
ceived to pass through the two poles of J 
the world, and through the centres oi F 
any celestial body; this circle ii called J 
the circle of declination, and cuts thai 
equator perpendicularly: the arc of this 1 
circle, comprised between the equator,] 
and the celestial object, measures its de' 
elination, which is north or south accord 
F 4 
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ing <o tlic denomination of that pole ' 
which it is the nearest. 

As all the heavenly bodies situated on 
the same parallel of the equator would 
have the same declination, it was neces- 
lary to assume a new element to detcr- 
muie their situation. The arc of the 
equator, contained between the circle of 
declination and the vernal equinox, has 
been chosen for this purpose. This arc, 
reckoned from the equinox in the direc- 
tion of the motion proper to the Sun, 
that is, from west to east, is called the 
right ascension, thus the position of any 
celestial object is determined by its right 
ascension and declination. The meridian 
altitude of a celestial object compared 
with the latitude, gives its distance from 
the equator or its declination. The de- 
termination of its right ascension present- 
ed greater difiSculties to the ancient aa- 
tronomers on account of the imposaihility 
of comparing directly the fixed stars with 
the Sun ; as the Moon might be compared 




by day with the Sun, and by night with 
the stars, they employed it as a medium 
to measure the difference of right ascen- 
sion of the Sun and the fixed stars ; keep- 
ings in consideration the motions proper 
to the Moon and Sun during the interval 
of the observations. The theory of the 
Sun afterwards giving its right ascension, 
they obtained from it that of several of 
the principal fixed stars, to which they 
compared the otbers. It was by this 
means that Hipparchus formed the first 
catalogue of fixed stars of which we 
have any knowledge. Some time after,' 
they gave greater precision to this me- 
thod, by employing instead of th& Moon 
the planet Venus, which can sometimes 
be perceived at noon, and the motion 
of which during a short interval oftime 
is slower and more equal than the lunar 
motion. 

At present, when the important appli- 
cation of the pendulum to clocks fur- 
nishes a very precise measure of time, 
V 5 
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we can determine directly^ and with an 
accuracy extremely superior to that of 
the ancient astronomers^ the difference 
of right ascension between the Sun and 
any other celestial object^ by the interval 
that elapses between their meridian trans- 
its. The position of the heavenly bo^ 
dies may b^ referred in a similar manner 
to the ecliptic^ which is principally useful 
in the theory of the Moon. 

A great circle is supposed to pass 
through the centre of the object perpendi- 
cular to the plane of the ecliptic^aud which 
is called a circle of latitude. 

The arc of this circle included between 
the ecliptic and the star^ measures its la- 
titude^ which is either north or souths 
according to the denomination of the pole 
situated on the same side of the ecliptic. 

The arc of the ecliptic contained be- 
tween the circle of latitude^ and the 
vernal equinox^ and reckoned from this 
equinox towards the east and west^ is 
called the longitude of a celestial ob- 




ject, the position of which is thus deter- 
mined bj its longitude and latitude. It 
may be easily conceived that the incH- 
□ation of the ecliptic to the equator 
being known, the longitude and latitude 
of a star may be deduced from its ob-i 
served right ascension and declination. 

An interval of only a few years was ne- 
cessary to observe the variation of the 
fixed stars in right ascension and decli- 
nation. It was soon remarked that in 
changing their position relatively to the 
equator, they preserved the same latitude 
vrith regard to the ecliptic, and from 
hence it was concluded that their varia- 
tions in right ascension and declination 
were owing (o the motion of the celes- 
tial sphere round the poles of the eclip- 
tic. These variations might also be re- 
presented by supposing the fixed star* 
immovable, and making the poles of the- 
equator move round those of the ecliptic, 
In this motion the inclination of the 
equator to the ecliptic remains the samCj 
r 6 
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and its nodes or the equinoxes retrograde 
uniformlj about * 154^^63 annuall}'. It 
has been she^n previously that this re^ 
trogradation of the equinoxes renders 
the tropical year a little shorter than the 
sidereal year. 

Thus the difference of the tropical and 
sidereal years^ and the variation of the 
fixed stars in right ascension and decli* 
nation^ depends on this motion by which 
the pole of the equator describes an* 
nually an arc of 154^' 63^ of a small cir* 
cle of ^the celestial sphere parallel to the 
ecliptic. It is in this that the pheno- 
menon consists^ known by the name of the 
precession of the equinoxes. 

The precision of modern astronomy^ for 
which it is principally indebted to the 
application of telescopes^ to astronomical 
instruments^ and that of the pendulum 
to clocks^ has rendered minute periodical 
inequalities perceptible in the inclination 
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of the equator to the ecliptic^ and in 
the precession of the equinoxes. Bradley 
who discovered them^ and who has fol* 
lowed them with great attention during 
many years, has discovered their law^ 
which may be represented in the follow^ 
log manner :— Let the pole of the equa* 
tor be supposed moved upon the circum* 
ference of a small ellipse^ tangent to the 
celestial sphere^ whose centre^ which may 
be regarded as the mean pole of the equa- 
tor, describes uniformly every year 154^^63 
of the parallel of the ecliptic on which 
it is situated. The greater axis of this 
ellipse^ always tangent to the circle of 
latitude^ and in the plane of this great 
circle^ subtends an angle of about * 62/^ 2, 
and the smaller axis subtends an angle of 
46^^ 3. The situation of the real pole 
of the equator upon this ellipse is de-* 
termined thus : — ^there is supposed to be 
a small circle on the plane of the ellipse^ 
concentric with it^ and the diameter of 
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which is equal to its greater axis ; con- 
ceive a radius of this circle^ moved uni- 
formly v^ith a retrograde motion^ so that 
this radius coincides vi^ith that half of 
the greater axis nearest to the eclipticj 
every time that the mean ascending node 
of the lunar orbit coincides vfith the 
vernal equinox. Finally^ from the ex- 
tremity of this moveable radius^ suppose 
a perpendicular let fall upon the greater 
axis of the ellipse. The point vfhere 
this perpendicular cuts the circumference 
of this ellipse^ is the place of the real 
pole of the equator ; this motion of the 
pole is called its nutation. The fixed 
stars^ in consequence of the motions we 
have described^ preserve among themselves 
a constant position. But the illustrious 
observer to whom we owe the discovery 
of the nutation^ has found in all the 
fixed stars^ a general and periodical mo- 
tion^ which alters a little their respective 
positions ; to represent this motion^ it 
must be imagined that each star describes 
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annually a small circumference parallel 
to the ecliptic^ the centre of which is the 
mean position of the fixed star^ and the 
diameter of which^ seen from the Earthy 
subtends an angle of * 125^^ ; and that it 
moves upon this circumference^ like the 
Sun in its orbits in such a manner that 
the Sun may be always more advanc- 
ed than the star by f 100* ; this 
circumference^ projected upon the surface 
of the heavens^ appears under the form 
of an ellipse^ more or less flattened^ ac- 
cording to the height of the star above 
the ecliptic ; the lesser axis of this ellipse 
being to the greater axis as the sine of 
this altitude is to radius ; from hence 
arise all the varieties of this periodical 
motion of the fixed stars^ which is called 
aberration. 

Independent of these general motions^ 
many fixed stars have movements peculiar 
to themselves ; very slow^ but which the 

* 40" 6. + 90«. 
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lapse of time has rendered sensible^ and 
which give us reason to belieye that all 
the fixed stars have, similar motions^ 
"vvhich will develope themselves in suc- 
ceeding ages. It has been hitherto prin- 
cipally remarkable in Syrius and Arcturus^ 
two of l^e most brilliant of the fixed 
stars* 



113 



CHAP. XII. 



Of the Figure of the Earth, and of the Variation 
of Gravity on its Surface; and of the Detimal 
System of ff eights and Measures. 

Let us now descend from the heavens 

to the earth, and see what can be de- 
rived from observations relative to its 
dimensions and figure. It has been al- 
ready seen that the earth is nearly 
spherical ; gravity every where directed 
towards its centre^ retains bodies on its 
surface ; though in places directly oppo- 
site to each other, they are in contrary 
positions. The sky and stars always ap- 
pear above the earth, for elevation and 
depression are only relative, terms regard- 
ing the direction of gravity. 

From the moment that man recognized 
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the spherical form of the globe which he 
inhabits^ his curiosity would lead hitn to 
measure its dimensions. It is then extreme- 
ly probable that the first attempts to attain 
this object were made at a period much 
anterior to those of which history has 
preserved the record^ and that they have 
been lost in the physical and moral 
changes which the earth has experienced; 
the relation which many measures of 
the most remote antiquity have to each 
otherj and to terrestrial circumfer- 
ence^ strengthens this conjecture^ and 
seems to indicate not only that this 
measure was very accurately known at 
an extremely ancient period^ but that it 
has served as the base of a complete sys- 
tem of measures^ the vestiges of which 
have been found in Egypt and Asia. Be 
that as it may^ the first precise measure 
of the earthy of which we have any cer- 
tain knowledge is that which Picard exe- 
cuted in France^ towards the end of the 
last century^ and which has been many 
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rtimes verified ; it is easy to imagine this 
B operation. As we advance towards the 
■ north, the pole seems to be more and 
Imore elevated, the meridian altitude of 
* stars situated towards the north aug- 
ments, and that of the southern stars di- 
minishes, some even become invisible. 
I The first idea of the curvature of the earth 
I was owing no doubt to the observation 
of these phenomenaj which could not 
I fail to attract the attention of mankind in 
Ethose first ages of society when the re- 
Itura of the seasons was only distinguished 
Ibjthe rising and setting of the princi- 
I pal stars, compared with that of the 
I Sun, The elevation or depression of the 
stars, gives the angle which verticals 
elevated at the extremity of the arc 
1 over, form at their point of con- 
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j tact ; for this angle is evidently equal to 
I the difiercnce of the meridian altitudes of 
: same star, minus the angle which the 
larc described, would subtend at the cen- 
Etre of the star ; and vve are certain that 
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this 18 insensible. It was then only re- 
quisite to measure this arc. It would be 
a long and tedious operation to applj our 
measures to so great an extent ; it is a mucb 
more simple process to connect its extremi-* 
ties by a chain of triangles^ to those of a 
bas^ of 12 or 15,000 feet, and consideriiig 
the precision with which the angles of these 
triangles may be determined, its length can 
be obtained very exactly. It is thus that 
the arc of the terrestrial meridian which 
crosses France from Dunkirk to Motntjoni 
near Barcelona has been measured; that 
part of this arc, whose amplitude is equal 
to the hundredth part of a right angle, and 
whose c<ratral point corresponds to ^ 51^-f 

• 

of latitude, is equal to 100,179 metres. 

Of all the re-entering figures, the sphe* 
rical one is the most simple, since it only 
depends on a single element, the size of its 
radius* The natural inclination of the h ti- 
man mind, to attribute that form to bodies 
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nrhich it comprehends with the greatest fa-* 
cility^ disposed it to give the Earth a sphe- 
rical form. But the simplicity of nature 
should not always be measured by that of 
eiiff conceptions. ' Infinitely varied in her 
effects, naturcr is only simple in her causes, 
and her ceconomy consists in producing 
a great number of phenomena, often 
Yery complicated, by means of a small num- 
ber of general laws. 

The figure of the Earth is the result of 
tktese laws, which^ modified by a thousand 
circumstances, might alter it sensibly from 
a sphere. Small variations observed in the 
length of the degrees in France indicate 
these alterations. But the inevitable errors 
' of observation left doubts on this interes- 
ting phenomenon, and the academy of sci- 
ences,in which this great question was anxi- 
ously agitated, judged with reason that the 
difference of the terrestrial degree, if it re- 
ally exiisted, would be principally manifest- 
ed in the comparison of the degrees at the 
equator,and towards the poles. And acade- 



118 



micians were sent even to the equator, 
where they found the degree of the meri* 
dian equal to 99552**. 3, less by 465"^. 6 
than the degree corresponding to the mean 
parallel. Other academicians travelled to- 
wards the north to about ^To^T of latitude, 
and the degree of the meridian was observ* 
edtobe 100696"*. greater by 1143"*. 7 
than at the equator ; thus the increase of 
the meridional degrees from the equator to 
the poles was incontestably proved by these 
measures, and it was discovered that the 
earth was not exactly spherical. 

These celebrated journies of the French 
academicians, having directed the atten- 
tion of astronomers towards this object, 
new degrees of the meridian were measured 
in Italy, Germany, Africa and Pennsylva* 
nia. All these measures concurred to in- 
dicate an increase of the degrees from the 
equator towards the poles. The ellipse 
being, next to the circle, the most simple of 
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le re-entering curves, the earth was cou- 
lidered as a solid formed by the revolutioa 
i£ an ellipse about its shorter axis. Its 
lompression in the direction of the poles is a 
Kcessarj inference frooa the observed in- 
irease of the meridional degrees from the 
equator to the poles. 

The radii of these degrees, being in the 
lirection of gravity, are, by the law of the 
iquilibriiim of fluids, perpendicular to the 
urfaceof the sea, Mith which the earth is in 
I great measure covered. They do not tend 
as in a sphere to the centre of tbc ellipsoid. 
They have neither the same direction nor the 
length as radii drawn from this centre 
to the surface, and which cut it obliquely 
every where but at the equator and at the 
poles. The point of contact oftwo adjoin- 
ing verticals, is the centre of the smallter- 
restrial arc which they comprise between 
them; if this arc was a straight line, these 
Terticals would be parallel^ or would only 
meet at an infinite distance, hut in propor- 
:tioD as they are curved, they meet at a dia- 
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tance so much the shorter as the; are^ 
more curved. Thus the extremity of the 
shorter axis being the point where the eU 
lipse approaches most to a straight line> 
the radius of a degree at the pole^and coqso* 
queutljthe degree itself^ is of its greatest 
length. It is the contrary at the extremity 
of the greater axis of the ellipse. At the 
equator where the curvature is the greatest, 
the degree in the direction of the meridian 
is the shortest. Passing from the seocMsdi* 
the first of these extremes the degrees aug- 
ment, and if the ellipse is but little flatten^ 
ed their increase is very nearly proportional 
to the square of the sine of the latitude. 

The measure of two degrees in the direc- 
tion of the meridian is sufficient to deter* 
mine the two axes of the generating ellipse, 
and consequently the figure of the £artb» 
supposing it elliptic. If this is thebypo^ 
thesis of nature the si^me proportion should 
be found very nearly between the two axes, 
comparing two by two the degrees of 
France, of the north> and of the eq^iator ; 
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ut their comparison gives in this respect 
ifferences which it is difficult to attribute 
errors of observation alone. The excess 
»f the axis of the equator above that of the 
role taken as unity is called the compression 
(rellipticity ofthe elliptic spheroid; now 
he degrees of the north and of France give 
[-J-J- for the ellipticity of the Earth, which 
the degrees of France and at the equator 
it appears then that the Earth 
differs sensibly from an ellipsoid. There is 
BTcn reason to believe that it is not a solid 
of revolution, and that Its two hemispheres 
are not equal on each side of the equator. 
The degree measured by La Caille at the 
Cape of Good Hope in the southern latitude 
of'S^'OI hasbeenfoundtobel00050'"^5, 
which surpasses the degree in France 
in the latitude of f5l°i, and is grca-ter than 
that which has been measured in Peunsyl- 
Vania, intbe latitude of J 43° 5G, the length 
of which was only 997S9"". I. 
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The degree at the Cape is yet greater 
than the degree measured ia Ital j in the la« 
titude of * 4:7"* 80^ and which haa beea 
found to be 99948"*. 7. Yet it ought to 
be smaller than all these degrees if the 
earth was a regular solid of reyolution^ 
formed oftwo similar hemispheres. Every 
thing leads us to believe that this is not the 
case. Let us see what then is the nature 
of the terrestrial meridians. 

The celestial meridian as determined by 
astronomical observations^ is formed by a 
plane which passes through the centre of 
the earth and the zenith of the observer^ 
because this plane bisects the arcs of the pa* 
rallels to the equator^ which the stars de- 
scribe above the horizon. 

All the places on the Earth which have 
their zeniths in the circumference of this 
meridian form the corresponding terres- 
trial meridian . Considering the immense 
distance of the stars^ verticals elevated from 
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each of these places may be considered pa- 
rallel to the plane of the celestial meridian. 
The terrestrial meridian may then be defi- 
ned a curve formed by the junction of the 
bases of all the verticals parallel to the 
plane of the terrestrial meridian. This 
curve lies altogether in this plane when 
the Earth is considered as a solid ofrevolu- 
tioDj in every other case it departsfrom 
it, and generally is one of those, lines 
which geometricians call curves of double 
curvature. 

The terrestrial meridian is not exactly the 
line whichdetermines trigonometrical mea- 
surements in the direction of the celestial 
meridian. The first side of the line mea- 
sured is a tangent to the surface of the 
earth, and parallel to the plane of the ce- 
lestial meridian. 

If this side be prolonged till it meets a 
vertical infinitely nearit, and this prolonga- 
tion be bent to the base of the vertical, 
the second side of the curve will be form- 
ed, and thus with all the others. The line 
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thus fraced is the shortest that can be 
drawn on the surface of the earth between 
any two points taken on this line. It is not 
in the plane of the celestial meridian^ andis 
not confounded with the terrestrialmeridian^ 
except in the case where the Earth is a solid 
of revolution; but the difference between 
the length of this line> and that of the cor- 
responding arc of the terrestrial meridian 
is so small that it maybe neglected without 
any sensible error. 

The figure of the Earth being ex* 
tremely complicated^ it is important to 
multiply the measures of it in every 
direction^ and in as many places as pos* 
sible. 

We may always^ at every point of itssur- 
face^ suppose an osculatory ellipse^ which 
sensibly coincides with it, to a small ex- 
tent round the point of contact. 

Terrestrial arcs measured in the direc* 
tion of the meridian^ and perpendicular to 
it^ compared with observations of latitudes^ 
and ofthe angles which the direction of the 




extremities of tbese arcs form with their 
respective meridians, will inform us of the 
nature and position of this ellipsoid, 
which may not he a solid of revolution, 
and which Taries sensibly at great dis- 
tances. 

The operations which Delamhre and 

Mecliain have executed in France to obtain 

the length of the metre, determine very 

nearly the osculatory ellipse of that part 

of the terrestrial surface. They have 

^bhserved the latitude not only at the extre- 

^Hiities of thearc, but at three intermediate 

^^oints. 

The astronomical and trigonometrical oh' 
lervations were made with a repeating cir- 
cle, which gives great precision in the mea- 
sure of angles. 

Two bases of above twelve thousand me- 
tres have been measured, the one near Me- 
lun, the other near Perpignan. And what 
confirms the correctness of all these obser- 
vations is, that the base at Perpignan de- 
duced from that at Melun, by the chain 
G 3 
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of triangles which unites them^does not dif- 
fer by the third of a metre from its mea- 
sureraent> though the distance which se- 
parates the two bases is above nine hundred 
thousand^metres. 

The principal results of this important 
operation are shewn in the following 
table: 





Observed Latitudes. 








Decimal. 


Sextgonal. 


Montjooi 


- 


4V. 958981 


41* %V 45" 


Carcassone 


•• 


48. 016790 


41 n 54 


Evaux 


• 


61. 309414 


46 10 4a 


PaotheoD at Paris 


54. 274614 


48 50 49.7 


Donl^irk 


- 


56. 706044 


51 29 10 


Jrc of the terrestriai 


meridian comprised between 




Monijoui and 




Carcassona 


m 


m 


205eai** 3 


ETauz 


• 


• 


534714 5 


FantbeoD 


m 


• 


831536 4 


Dunkirk 


• 


• 


1075058 5 



The comparison of these results evident- 
ly indicates a diminution in the terrestrial 
degrees from the pole to the equator^* but 




the law of this diminution seems very irre- 
gular. NotwitbstaatliDg if the ellipsoid 
which satisfies these measures nearer than 
any other be required, v/e fiad that to re- 
fireseot them in this hypothesis, it is suffi- 
cient to alter the observed latitudes about 
four seconds and a half. 

The compression is then ^-fy, the semi- 
axis of the pole parallel to that of the 
Earth, is 634101 1*"% and the degree corres- 
ponding to the mean parallel is 99983". 7. 
An error of four seconds and a half, though 
very smalt,is not admissible, considering the 
great precision of the observations; but we 
may at least consider this ellipsoid as oscu- 
latory to the surface of tbe earth in France, 
at * 51" of latitude, and suppose that it co- 
incideswith it to an extent of 5 or 6 degrees 
round the point of osculation. It givea 
100716'". 9, for the degree perpendiculai 
to the meridian, at + 56° 3144 latitude, ai 
by a very exact operation lately made i& 
England it has been found to be 100700"' . 5; 

• 4y 54'. + 50° 40' 58". 
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This agreement proves that the action of 
the Pyrenees and other mountains in the 
south of France has had very little influence 
on the latitudes observed atEvaux^ Car* 
cassone and Montjoui^ and that the great 
compression of the osculatory ellipse de- 
pends on attractions much more extendedj 
the effect of which is felt in the north as 
well as the south of France, and even in 
England^ Italy^and Austria; for the degreea 
which have been carefully measured are 
very nearly the same as on this ellipsoid. 
There is reason then to presume that if the 
arc measured from Dunkirk to Montjoui 
was extended to the island of Cabrera^ the 
corresponding degreeof the mean parallel 
which would result from this measure 
would not exceed one hundred thousand 
metres. The total arc included between 
this island and Dunkirk^ being divided into 
two nearly equal parts by this parallel ; 
the length of the quarter of the meridian 
concluded from this arc^ becomes totally in* 
dependant of any hypothesis of the ellipti- 
city.of the Earth. 



Mechain had consequentlj proposed to 
join Cabrera to Montjouij and had already 
'prepared every thiag for this new measure; 
hut events have not suffered him to perform 
it : let us hope that favorable circumstances 
win soon permit it to be resumed. 

It appears by the observed directions of 
the sides of the arc measured from Dunkirk 
to Montjoui, that the osculatory ellipse is 
Bot exactly a solid of revolution. Butmore 
certain information would be obtained 
ttothis subject, if, as ismuch to be desired^ 
a perpendicular to the meridian of the obser- 
vatory was to be measured in the broadest 
part of France with the same means that 
were employed in the measure of the me- 
ridian, and if the latitude and direction of 
its sides relative to their respective meri- 
dians were to be determined with precision 
on ditTerent points of this perpendicular. 

Whatever be the nature of the terrestrial 
meridians, it is evident as their degrees di- 
minish from the poles to the equator, that 
^bc Earth is flattened in the direction of 
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its poleg^thaf is to say^ that the axis of the 
poles is less than the diameter of the 
equator. To explain this^ let us suppose 
the Earth a solid of reyolution^ and let us 
represent the radius of the degree at 
the north pole^ and the series of all these 
iradii from the pole to the equator, which 
radii by the supposition continually di* 
minish. It is visible that these radii form by 
their consecutive intersections a curve which 
at first touches the axis of the pole^ it 
afterwards separates from it, its convexity 
being constantly turned towards it, and 
raises itself towards the pole till the radius 
of the meridional d^ree takes a direction 
perpendicular to the first: it will then be in 
the plane of the equator. If this radius of 
the polar degree be supposed flexible, and 
that it involves successively the arc of the 
curve which we have considered, its extre- 
mity will describe the terrestrial meridiao, 
and the part of it intercepted between the 
meridian and the curve, will be the cor- 
responding radius of the degree of the me* 
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ridian. This curve is what geometricians 
call the evolule of the meridian. Let us 
consider at present, the intersection of the 
diameter of the equator with the axis of 
the pole, as the centre ofthe Earth. The 
sum of the two tangents to the erolute of 
the meridian drawn from this centre, the 
one following the axis ofthe pole and the 
other the diameter of the equator, will be 
greater than the arc of the evolute which 
ihey include between them. Now the ra- 
dius drawn from the centre of the Earth 
to the north polcj is equal to the radius of 
the polar degree, minus the first tangent ; 
the semi-diameter ofthe equator is equal 
■to the radius ofthe degree ofthe meridian 
lat the equator,p/»s the second tangent. The 
excess of the nemi-diameter ofthe equa- 
4oT above the terrestrial radius ofthe pole 
•it then equal to the sumofthesetwo tan- 
gents minus the excess ofthe radius of the 
polar degree, above the radius of the de- 
gree of the meridian at the equator ; this 
last excess is the arc itself of the evolute, 
gG 
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i^hich is less than the sum of the extreme 
tangents. The excess then of the semi« 
diameter of the equator above the ra- 
dius drawn from the centre of the Earth 
to the north pole is positive. It can be pro- 
ved in the same manner^ that the excess of 
the semi-diameter of the equator above the 
radius drawn from the centres of the earth 
to the south pole is positive. The whole 
axis of the poles thus is less than the dia^ 
meter of the equator^ or^ what comes to 
the same things the Earth is flattened in 
the direction of the poles. 

Considering every portion of the meri- 
dian as a very small arc of its osculatory 
circumference^ it is easy to see that the ra- 
dius drawn from the centre of the Earth 
to that extremity of the arc which is near- 
est to the pole^ is less than the radius 
drawn from the same centre to the other 
extremity. From whence it follows^ that 
the terrestrial radii increase from the poles 
to the equator^ if, as all observations indi- 
. cate^ the degrees of the meridian augment 
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ifrom tbe equator to the poles. The differ- 
ence of the radii of the degrees ofthemeri- 
lian from the pole to the equator is equal 
to the difference of the corresponding terres- 
Irial radiijp/ws the excess of twice the evo- 
lute above the sum of the two extreme tan- 
gents,which excess isevidentl}' positive: thus 
the degrees of the meridian increase from 
the equator to the poles in a greater pro- 
portion than the diminution of tbe terres- 
trial radii. It is evident that these demon- 
Btrations equallj' apply, if the two northern 
and southern hemispheres were not equal 
and 8iaiilar,and it is easy to extend them to 
the supposition of the earth's not being a 
solid of revolution. 

But it is remarkable that the observa- 
tions made in the northern hemisphere give 
the evolute of the meridian from * forty- 
three to t seventy-three degrees of latitude 
verylittlediiferent from (hat ofan ellipsoid 
of TTTT compression, and of which the 
meaD degree is 99983""'- 7. For this 
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ellipsoid nearly satisfies the measirres 
lately made in France^ the degrees measur- 
ed in Italy and Lapland^ and that wbicb 
has been measured in England perpendicu- 
lar to the meridian. 

It also represents the degree of the me- 
ridian measured in Aurtria at ^ 53^ of la- 
titude^ and which Liesganig has found to 
be 100114-'* 2. Finally it agrees with 
the degree of the longitude measured in 
France at f 48® 4 latitude, and of wbicb 
Cassini and La Caille have fiiced the 
length at 72003 ""'-5. 

Curves have been constructed at the 
principal places in France on the line 
which has been considered as the meri- 
dian of the observatory of Paris, traced in 
the same manner as this line, with this dif- 
ference only that the first side, alwaysatan- 
gent to the surface of the Earth, instead of 
being parallel to the plane of the celestial 
meridian of Paris, is perpendicular to it. 
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It is by the length of these curves and by 
the distance from the observatory to the 
points where they meet the meridian, that 
the position of these places is determined. 
This labour, the most useful to geography 
which has yet been performed, is a model 
which every enlightened nation will no 
doubt, hasten to imitate. 

To connect objects thus, it is requisite 
that they should be but little distant from 
each other. To fix the respective posi- 
tions of places separated by great distances 
or by the sea, recourse must be had to ce- 
lestial observations. The knowledge of 
these positions is one of the greatest ad- 
vantages which astronomy has produced. 
To arrive at it, the method has been fol- 
lowed that was made use of to form the 
catalogue of stars, conceiving on the ter- 
restrial surface circles similar to those 
which had been imagined on the surface of | 
the heavens. ' 

Thus the axis of the celestial equator 
intersectsthe surface of the earth in two 
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points diametrically opposite^ \i^hich have 
each one of the poles of the world for their 
zenith^ and which may be considered as 
the poles of the earth. 

The intersection of the plane of the ce- 
lestial equator with this surface^ is a 
circumference which may be regarded as 
the terrestrial equator. The intersection 
of all the planes of the celestial meridian 
with the same surface^ form so many cur* 
ved lines^ which unite at the poles^ and 
which are the corresponding terrestrial 
meridians^ if the earth is a solid of revo* 
lution^ which may be supposed in geogra- 
phy without any sensible error. Finally, 
small circles traced from the equator to 
the poles upon the earth parallel to the 
equator^ are terrestrial parallels, and that 
of any place whatever^ corresponds to the 
celestial parallel which passes through its 
zenith. 

The position of a place upon the earth 
is determined by its distance from the equa- 
tor, or the arc comprised between its pa- 
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rallel and tbe equator ; and by the angle 
which its meridian forms with a principal 
tneridiaDjthe position of which is arbitrary, 
and to which all the others are referred. 
The distance from tbe equator depends on 
tbe angle included between tbe zenith and 
the celestial equator, and this angle ia evi- 
dently equal to the altitude of the pole 
above the horizon. This altitude, ia cal- 
led latitude in geography. Longitude is 
the angle which the meridian of a place 
makes with the principal meridian;it is the 
arc of tbe equator contained between these 
two meridians, it is east or west according 
as the place is east or west of the principal 
meridian. Ao observation of the altitude 
of tbe pole gives the latitude* The lon- 
gitude is determined by means of any celes- 
tial pbeaomeoon observed at the same time 
on tbe meridians of which the respective 
position is required. The instant of noon 
ia not the same on these meridians ; if that 
from which the longitude is reckoned is to 
the east of that of which the longitude is 
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required^ the Sun will arrive sooner at the 
celestial meridian. 

If,for example^ the angle formed bj the 
terrestrial meridians be a quarter of the cir<» 
cumference^ the difference between the io- 
staiits of noon on these meridians will be a 
quarter of a day. Suppose then^that a phe- 
nomenon is obserredon each of them, which 
occurs at the same physical moment to every 
place on the Earth^such as the beginning or 
end of an eclipse of the moon or of the 
satellites of Jupiter. The difference of time 
which the observers will reckon at the 
moment of the phenomenon will be to the 
whole day as the angle formed by the 
two meridians is to the circumference. 

Eclipses of the Sun^ and occultations of 
stars by the Moon^ furnish the most exact 
means of finding longitudes^ from the pre- 
cision with which the beginning and end 
of these phenomena may be observed. 
They do not in fact occur at the same 
physical instant to the whole earthy but the 
elements of the lunar motions are sufficient- 




iy known to enable us to keep an exact ac- 
count of this difference. To deterraiaethe 
longitude of a place^it is not necessary that 
the celestial phenomenon should be obser- 
ved at the same time on the principal me- 
ridian ; it is suflScient if it is observed on 
one whose position with the principal meri- 
dian ia known. It is tbusthat by connecting 
the meridians with each other the position 
of the most distant points on the surface of 
the Earth is ascertained. The longitudes 
and latitudes of a great number of places 
ODthe Earth are already known by astro- 
nomical observation. Great errors in the 
position and extent of countries long known 
have been corrected. And the situationof 
new countries which the interest of com-^ 
merce and the love of science have causedB 
to be discovered, is fixed. U 

But though voyages undertaken in these 
later periods have added considerably to 
our geographical knowledge, much yet re- 
mains to be discovered. Tbe interior of 
Africa and America include vast countrie* ■ 
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^faich are totally unknown. We have on* 
\j uncertain and frequently contradictory 
relations concerning many others^ of 
wbich^ geography^ hitherto abandoned to 
the hazard of conjecture^ only waits for 
new information from astron^my^ to de- 
termine the positions irrevocably. 

It is principally to the navigator^ when 
in the midst of the ocean with no other 
guide then the stars and bis compass, that 
it is important to know his own position, 
that of the places for which his course is 
bounds and of the rocks and quicksands 
which may occur in his passage. 

He may easily know his latitude, by 
observations of the stars ; but the sphere, 
in consequence of its diurnal motion, 
presenting itself daily in nearly the same 
manner to all the points of his parallel, 
it is difficult for the navigator to fix the 
point on which he is. To supply the de- 
ficiency of celestial observations, be mea- 
sures his velocity and the direction of his 
motion, he estimates his passage in the 
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direction of the parallels^ and com paring 
it with his observed latitude^ determines 
bis longitude reiat ive to the place of hk 
departure. The inaccuracy of this method 
exposes him to errors^ which might become 
fatal when he abandons himself during the 
night to the winds^ near shores or banks^ 
which from estimation he believed himself 
far from. It is to secure him from these 
dangers that as soon as the progress of arts 
and astronomy led to the hope that me- 
thods might be found to obtain the longi- 
tude at sea^ commercial nations have has- 
tened to direct the views of scientific men 
and artists to this important object by 
powerful encouragements. 

Their wishes have been fulfilled by the 
invention of chronometers^ and by the ac* 
curacy to which the tables of the lunar 
motions have been carried. Two mefhods^ 
good in themselves^ and which are yet im- 
proved by lending each other a mutual 
support. 

A chronometer^ well regulated in a 
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port the situation of which is known^ 
and preserving the same rate^ when 
carried on board a vessel^ would indicate at 
every instant the time which was reckoned 
in this port. Comparing it with that ob- 
served atsea^ the relation of the difference 
of these hours to the whole daj^ would 
be^ as has been already seen^ that of the 
corresponding difference of longitude to 
the v/hole circumference. But it was dif- 
ficult to obtain such watches^ the irregu- 
lar motion of the vessel^ the variations of 
temperature^ and the inevitable friction 
which is very sensible in so delicate a 
machine/ were so many obstacles which 
opposed their accuracy. 

These have been fortunately overcome, 
and chronometers are now made^ which, 
during many months^ preserve a rate nearly 
uniform^ and thus afford the most simple 
method of finding the longitude at sea ; 
and as this method is so much the more 
precise as the time is shorty during which 
these chronometers are employed without 



143 



▼erifjiog their rate> they are very use* 
ful to determine the respective position of 
places very near to each other. They 
have in this respect^ some advantage over 
astronomical observations^ the precision of 
which is not increased by the smallness 
of the observer's distance. 

The eclipses of the satellites of Jupiter^ 
which occur frequently, oflFer to a navi- 
gator an easy method of knowing his lon- 
gitude^ if he could observe them at sea ; 
but the endeavours that have been made 
to overcome the difficulties arising from 
the motion of the vessel, which oppose 
this species of observation, have hitherto 
been fruitless. Navigation and geography 
have- however derived great advantages 
from these eclipses, and chiefly from those 
of the first satellite, of which the com- 
mencement and end can be observed with 
precision. The navigator employs them 
with success when he can laud. It is 
necessary indeed to know the hour at which 
the same eclipse that he observes would 
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be seen upon a known meridian^ since the 
difference of time which is reckoned on 
these two meridians, gives the difference 
of longitude ; but the tables of the first 
satellite of Jupiter^ considerably improved 
in our time^ give the instants of these 
eclipses^ with a precision almost equal to 
observation. 

The extreme difficulty of observing these 
eclipses at sea^ has compelled us to have 
recourse to other celestial phenomena^ 
among which the lunar motions are the 
only ones which can be made subservient 
to the determination of terrestrial longi- 
tudes. The position of the Moon^ such 
as it would be observed at the centre of 
the earthy may be easily concluded from 
the measure of its angular distances from' 
the Sun and stars. The tables of its mo^ 
tion then give the hour at the principal 
meridian^ when the same phenomenon is 
observed^ and the navigator^ comparing 
the time which he reckons on board his 
vessel^ at the moment of observation^ de^* 
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termines his lougitudc by the difference 
of time. 

To appreciate the accuracy of this me- 
thod, it should becoosidered that from the 
errors of ohservatioD, the Moon's placCj as 
determined by the observer, does not corres- 
pond exactly to the hour pointed out by 
his chronometer, and that from the errors 
of the tables, this same place does not re* 
late to the corresponding hour, which 
they indicate on the first meridian ; the 
difl'erence of these hours then would not 
be that given by an observation and tables 
rigorously correct. Let us suppose 
that the error' produced by this difference 
is a minute. In this interval forty mi- 
nutes of the equator pass the meridian; 
this is the corresponding error in the longi- 
tude of the vessel, and which, upon the 
equator, is about forty thousand metres, 
but it is less on the parallels : besides, it 
may be diminished by multiplying the ob- 
servations of the lunar distances from the 
Sun and starSj aod repeating them during 
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many days^ to compensate ^nd destroy ^y 
each other^ the errors of the observiitiotfs 
and tables. 

It is obvious that the errors of longitd^ 
corresponding to those of the tables abd 
of observattion^ are so much the less as'tiM 
motiota Of the celestial body is morerapittj; 
thus the obsiervations Of the Moon in pe^ 
rigee^ • Hre in this respect preferable to 
thofse in tfpogee. If the ikiotion of the 
Sun be employed, which is about iMi^ 
teen times slower than that of the Moon^ 
the errors of longitude will be about 
thirteen times as great : from whence' it 
follows, that of all the celestial bodt^i 
the Moon is the only one whose motids 
is sufficiently rapid to be employed for tlie 
determination of longitudes at sea. It^ft 
evident therefore how important it is tt 
render these tables perfect. 

A very remarkable phenomenon, itik 
knowledge of which we owe to astrono^ 
mical voyages, is the variation of gravi^l'i 
at the surface of the eitrth. This shi^r'' 
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g^ular power acts ia tlic same spot, upon 
odies proportionally to their masses, 
aatl tends to impress on them equal velo- 
,. .cities in equal times. It is impossible, by 
means of a balance, to ascertain these va- 
riations, because they affect equally the 
body which ia weighed, and the weight to 
irhich it is compared ; but observations of 
' the pendulum are those most proper to 
discover them, since it is clear that these 
oscillations should be slower in those 
places where gravity is least powerful. 
This instrument, the application of which 
> clocks is one of the principal causes of 
■be progress of modern astronomy, con- 
Vifits of a body susjiended at the end of a 
I ^rcad or a rod, moveable round a fixed 
■•-poiat, placed at the other extremity. The 
Lustrumeut is drawn a tittle from its ver- 
Itical position, then abandoning it to the 
lotion of gravity, it makes small oscilla- 
ElioDS, which are very nearly of the same 
juration, notwithstanding the difierence 
bf the arcs described. This duration de- 
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pends on the size and figure of the mis* 
pended body> on the mass and length of 
the rod; but geometricians have found 
general rules to determine^ by the observed 
oscillations of a compound pendulum of 
any figure whatever^ the length of a pen- 
dulum^ v(^hose oscillation shall have a cer- 
tain duration^ and in which the mass of the 
rod shall be supposed nothing relative to 
that of the body^ considered as an infinitely 
dense point. It is by this imaginary pen- 
dulum^ called the simple pendulum, that 
all the experiments of the pendulum, 
made in different parts of the Earthy are 
referred. 

Richer, sent in 1672, to Cayenne, by 
the academy of sciences, to make astrono- 
mical observations there, found that his 
clocks, regulated at Paris to mean time, 
lost a perceptible quantity every day. 

This interesting observation gave the 
first direct proof of the diminution of 
gravity at the equator. It has been re- 
peated with care, in a great number of 
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ilaces, keeping uccount of the resistaace 
lad temperature of the air. 

The result of all Ibc observed measures 
o( a pendulum vibrating seconds is, that 
it increases from the equator to the poles, 
like the degrees of the meridiauj and that 
its increase, which, at the pole itself, is 
equal to live hundred and fifty-live hun- 
dred thousandths of its gravity at the 
equator, is proportional to the square of 
|he sine of the latitude. 

Borda, by a very exact experiment^ has 
found recently that the length of the pen- 
dulum vibrating seconds at the Obser- 
vatory at Paris, and reduced to a vacuum, 
is 0»'.74l887 ; it results that its length in 
France, under the parallel of * 50° is 
equal O".741606, and that thus the sim- 
ple pendulum of the length of the metre 
would make 861 16.5 oscillations in a day. 
This length, which is very exact, and 
the measure of the degree of the meri- 
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diiiD^ corresponding to the same parallel^ 
will serve to recover our weights and ibea^ 
sdres^ if by the lapse of tiiiie they should 
alter. 

There has likewise been remai^ed^ by 
i^eatad of th& pendulum^ a minute diniU 
ilUtibtl of gravity on the summits of high 
iriduhtains. Bduguet has made a* great 
lAumber of experiments on this subject ii| 
j^erti. He has found that the fotceofgrsvity 
at the equator^ and at the level of tliti Mai 
bfeing expressed by unity^ is 0.999349 
at Quito^ elevated 3857 metres abovS tkffs 
fevel ; and 0.998816 on th6 suoiitait 6f Pi-' 
chctici, at 4744"« in height, tlife ditiw- 
liutioii of gravity at altitud^s^ alwlayg 
very small relatively td the terrestrial ra«* 
dius^ gives lis reiisoii to iluspect thkt this 
f6rce dittiinishes considerably iLt' gt^tft dicT^ 
fataces from this centre of th^ Eaiili. 

I oii^ht^ vifhen speaking of the obstdrva- 
tions of the pendulum^ to call the atten- 
tion of natural philosophers to the two 
following circumstances : One is^ the slight 
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resistance wliich bodies, ia changing; their 
temperature, appear to me to oppose to 
their change of volume, nearly as water 
resists its conversion into ice, and can re 
tain its form at several degrees below zero. 
It is then sufBcient to agitate it to render 
it solid. In the numerous experiments 
on the dilatation of bodies, which I made 
vith Lavoisiefj we were sometimes obliged 
to give them a slight concussion to make 
them take the form proper to their tem- 
perature. The second object relates to 
the invariable pendulums which are 
used to determine the ditference of gravity 
on various places of the earth. If the 
rod of the pendulum is of steel, its to 
be feared that the effect of terrestrial raag- 
netismt should become complicated willi 
tbat of gravity ; and as the object is to 
appreciate very small quantities in these 
experiments, it is important to be assured 
, that this eflect is insensible. 

Observations of the pendulum vibrating 
' seconds, furuishiug a length which is ii 
Wi 



153 

variable and easily recoverable at any pe* 
riod^ bave given riseto tbe idea of employ-' 
ing an universal measure. 

Tbe prodigious number of measures in 
use^ not only among different people^ but 
in the same nation ; tbeir whimsical divi« 
sions^ inconvenient for calculation^ and the 
difficulty of knowing and comparing them; 
finally^ the embarrassment and frauds which 
result from them in commerce^ cannot be 
observed without acknowledging that the 
adoption of a system of measures^ of which 
the uniform divisions are most easily sub- 
jected to calculation^ and which are de- 
rived in a manner the least arbitrary^ from ' 
a fundamental measure^ indicated by nature 
itselfj would be one of the greatest services 
which science and government can render 
to the human race. A people who should 
adopt such a system of measures^ would 
unite to the advantage of gathering the 
first fruits of it^ that of seeing their ex- 
ample followed by other nations^ of which it 
would thus become the benefactor. For the 
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slow but, irresistible empire of reason^ at 
length overcomes itll the national jealousies 
and obstacles which oppose themselves to 
an advantage that would be universally 
felt. 

Such were the reasons that determined 
the constituent assembly to charge the 
academy of sciences with this important 
object. The new system of weights and 
measures is the result of the labors of a 
commission appointed by them, and aided 
by the zeal and abilities of maay members 
of the national representation. 

The identity of the decimal calculus 
with that of integral numbers, leaves no 
doubt of the advantages of dividing every 
kind of measure into decimal parts. 

To be convinced of this, it is sufficient 
to compare the difficulty of complicated 
multiplication and division, with the fa< 
cility of the same operations on integral 
numbers, which facility may be still in- 
creased by logarithms, the use of which 
might he made extremely popular by 
H .5 
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means of instruments very simplcj and of 
little expense. The academy, therefore^ 
did not hesitate to adopt the decimal di* 
Tision ; and to render the whole system of 
measures uniform, it was resolved that 
Ihey should all be derived from the same 
linear measure, and its decimal divisions. 
The question was thus reduced, to the 
choice of this universal measure, to which, 
the name of mttrt was given. 

The length of the pendulum, and that 
of the meridian, are the two principal 
means which nature offers to fix the unity 
of linear measures. Both independent of 
moral revolutions, cannot experience a 
sensible alteration, but by great changes in 
the physical state of the world. The 
first expedient, easy in use, has this incon- 
venience, of making the measure of dis- 
tance depend on two heterogeneous ele- 
ments, gravity and time, the measure of 
which is besides arbitrary. The second 
measure was therefore chosen, which ap- 
peared to have been employed in the most 
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remote antiquitj: so natural is it to maa 
to compare itinerary meaaures even to the 
dimensions of the globe which he inhabits, 
that in travelling he may know by the mere 
denomination of the space he has passed 
over, the relation of that space to the 
whole circuit of the earth. There is like- 
wise the advantage of making nauttcat 
and celestial measures correspond. It is 
often necessary to the navigator to de- 
termine one by the other, the dis- 
tance he has traversed, and the celestial 
arc included between the places of his de- 
parture and arrival. It is then interesting 
that one of these measures should he the 
expression of the other by nearly the dif- 
ference of their unities. But for this purpose 
the fundamental unity of linear measures 
^ould be an aliquot part of the terres- 
trial meridianjWhich corresponds to one of 
the divisions of its circumference; thus 
the choice of the metre was reduced to 
that of the unity of angles. 

The right angle Is the limit of the In- 
n 6 
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clinatioo of a line to a plane^ and of the 
altitude of objects above the horizon. 
Besides^ it is in the first quarter of the 
circle that sines are foraied,and^ generally, 
all the lines employed in trigonometry^ 
and the proportion of which to the ra- 
dius^ are reduced to tables. It is 
then natural to take the right angle for 
the unity of angles^ and the quarter of 
the circumference for the unity of their 
measures. It is divided into decimal mea- 
suresj and that the measures on the earth 
might correspond^ the quarter of the ter- 
restrial meridian is divided into the same 
partSj which had been done at a very an* 
cient period; for the measure of the earthy 
mentioned by Aristotle^ and the origin of 
which is unknown^, gives a hundred thou- 
sand stadia to the quarter of the meri- 
dian. It was then only requisite to obtain 
its exact length. Here many questions 
present themselves, which the ignorance 
we are in respecting the true figure of the 
earth will not permit us to resolve. Is 
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the eartli a spbcroid of revolution ? Are 
its two hemispheres equal and similar on 
each side of the equator ? What is the 
proportion of an arc of the meridian, mea- 
sured at a given latitude, to the whole 
meridian ? In the most natural hypothesis 
of the fiirmation of the terrestrial spheroid, 
the difference of the meridians is insen- 
sible ; and the decimal decree, bisected by 
the mean parallel between the north pole 
and the equator, is the hundredth part of 
the quarter of the meridian. The error 
of these hypotheses, if any exists, cannot 
influence geographical distances, where it 
ii of DO importance. The length of the 
quarter of the meridian may then be con- 
cluded from that of the arc which crosses 
France, from Dunkirk to the Pyrenees, 
and which has been carefully measured in 
1740, by the French academicians. But 
as a new measure of a greater arc, ia 
which still more precise methods wgre em- 
ployed, would inspire an interest in favor 
of the new system of measures, likely to 
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extend the use of it^ it was resolved to 
measure the arc of the terrestrial meridian 
contained between Dunkirk and Barce- 
lona. 

The operations which Delambre and 
Mechain have lately performed^ have 
given this arcj the amplitude of which is 
* lO"" 748663^ equal to fifty-five million one 
hundred and fifty eight thousand four hun- 
dred and seventy hundredths of the iron 
toise used at the equator at the tempera- 
ture, f 16**7. The middle of the arc being 
X one degree and a thirds more north than 
the mean parallel, the quarter of the me- 
ridian could not be determined by this mea- 
sure, without adopting an hypothesis of 
the ellipticity of the Earth : that which 
results from the arc measured in France 
compared with that in Peru, appeared to 
deserve the preference, from the length 
and distance of the two arcs, and from the 
care and reputation of the observers. The 
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' quarter of the meridian was thus found to n 

I be equal to 51307-10 toises. 

The ten thousandth part of this length 
wa!t taken for the metre, or unity of the 
liaear measures. The decimal above thia 
was too large, that below too small ; and 
the metre, the length of which is 0,513074 
toises, supplies the place advantage- 
ously of the toise and cll, the two of our 
measures in most common use. 

To preserve the length of the metre, the 
national convention has decreed, that a. 
standard executed from the experiments 
and observation of the committee charged 
with its determination, should be presery- 
ed in the care of the legislative body. 

This standard, which was presented by 
the national institute, can only represent the 
metre, at one determined degree of tempe- 
rature. That of melting ice has been 
chosen as the one most fixed and indepen- 
dent of the modifications of the atmosphere. 
To recover the metre at any period without 
being obliged to have recourse to the 
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measure of the great arc from which it was 
derived^ it was important to fix very pre- 
cisely its proportion to the length of the 
pendulum vibrating seconds; and it is with 
this view that Borda has again determine*- 
ed this length at the observatory at Paris. 

All the measures are derived from the 
metre in the most simple manner ; the 
linear measures are decimal multiples and 
siibmultiples of it. 

The unity of the superficial measures 
of land is a square the side of which is ten 
metres^ it is called are. 

A measure equal to a cubic metre and 
usually employed to measure fire wood^is 
called stere. 

The unity of cubic measure is the cube 
of the tenth of a metre^ it is called litre. 

The unity ofweightwhich is called gram* 
me, is the absolute weight of a cube of 
the hundredth part of a metre of distilled 
water^ and considered at its maximum of 
density. 

By a remarkable singularity this max- 
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iinum does not correspond to the freezing 
point, but is above it at about four de- 
grees of the thermometer. Water in fall- 
ing below this temperature again dilates, 
and thus prepares itself for that increase 
of volume which it receives in its passage 
from the fluid to the solid state. Water 
was chosen as one of the most homogenous 
substances, and which can be most easily 
reduced to a state of purity. Le Fevre 
Gineau has determined the gramme by a 
long series of delicate experiments on the 
specific gravity of a hollow cylinder of 
brass, the volume of which he !ias mea- 
sured with extreme care. The result is, 
that the livre, supposed the twenty- fifth, 
part of the pile of fifty marcs, which i^ 
preserved at the mint of Paris, is to the 
gramme in the proportion of 489,5058 to 
unity. 

All these measures being constantly 
compared with the livre in money it was 
particularly important to divide it into de- 
cimal parts. It is now called, the silver 
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franc, its tenth part^e/ectme^ its hundredth, 
centime. 

To facilitate the calculation of the fine 
gold and silver contained in pieces of mo- 
uej, the alloy has been fixed at a tenth of 
their weighty and that of the /ranc has been 
made equal to five grammes. Thus, the 
pieces of money are exact multiples of the 
unity of weighty which is extremely useful 
in commerce* 

Finally^ the uniformity of the wholly 
system of weights and measures seemed to 
require that the day should be divided into 
ten hoursj the hour into one hundred rai« 
nutes^ the minutes into a hundred seconds^ 
&c. This division of the day which will 
become necessary to astronomers^is less ad* 
vantageous in civil life^ where there is lit- 
tle occasion to employ time as a multiplier 
or divisor. The difficulty of adapting it 
to clocks and watches^ and our commer- 
cial connexions with foreigners in the sale 
of watches have suspended its use indefi- 
nitely. We may however believe that 




at length the decimal division of the 
day will supersede its actual division, 
which differs too much from the division of 
other measures not to be abandoned. 

Such is the new system of weights and 
measures which the men of science have 
offered to the national convention, which 
has hastened to sanction them. This sj-s- 
tem, founded on the measure of terrestrial 
meridians, is equally suitable to every na- 
tion. It has no other relation with France 
than by the arc of the meridian which cros- 
ses it ; but the position of this arc bisected' 
by the mean parallel, and the extremities of 
which are bounded by the two oceans, is 
so advantageous that the learned of eVery 
nation, united to fix an universal taeasure, 
■would have chosen it. 

To multiply the advantages of this sys- 
tem, and to render it useful to the whole 
world, the French government has invited 
foreign powers to take part in an object of 
such general interest. Many have sent 
eminent men of science to Paris, who uni-' 
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ted with the committee of the national 
institute^ have determined the funda- 
mental unities of weight and lengthy by the 
discussion of observations and experiments; 
so that the determination of these unities 
ought to be considered as a work common 
to the learned who have assembled there^ 
and the people whom they represent. 
It is then^ permitted to hope that this 
system^ which reduces all measures and 
their calculation to the scale and to the 
most simple operations of decimal arith- 
metic^ will be as generally adopted as the* 
system of numeration to which it is 
analogous^ and which without doubt had 
to oppose the same obstacles^ which pre • 
judices and habit oppose to the introduc- 
tion of the new measures. 
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CHAP. XIII. 

Of the Flux and Reflux of the Ocean. 

Although the earth and the fluids which 
coyer it must long since have assumed the 
state which is suitable to the equibrium of 
the forces which animate them^ neverthe*> 
less the figure of the ocean changes every 
instant of the day^ by regular and periodical 
oscillations^ which are known by the name 
of tides. It is a circumstance truly asto- 
nishing^ to behold even in calm and serene 
weather^ the intense agitation of this great 
fluid mass^ whose waves constantly break 
with impetuosity on the shore. 

This phenomenon gives rise to reflection^ 
and excites a strong desire to penetrate the 
cause. But not to be bewildered in vague 
hypothesis^ we should first know the laws 
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of this singular appearance . and follow 

them in their details. 

At the commencement of this centurjj by 

the request of the Academy of Sciences^ a 

great number of observations were made 

in our ports of the flux and reflux of the 

ocean. 
They were continued every day at Brest 

during six consecutive years^ and they form 
from their number^ and from the magnitude 
and regularity of the tides at this port> the 
most valuable and complete collection of 
observations of this kind that we possess- 
Since a thousand accidental causes may 
alter the course of nature in these pheoo- 
mena^ it is necessary to consider at once a 
great number of observations^ that the 
partial causes, compensating each otherj 
the mean results may show only the efiects^ 
vi'hich are regular and constant. It is like- 
wise necessary^ by a happy combination of 
observations^to make those phenomena evi- 
dent which we wish to determine^ and by se- 
parating them from the rest> to make them 
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better known. It is from thus investi- 
gating these observations^that I arrived at 
the following result, of the truth of which 
there can remain no doubt* 

The ocean rises and falls twice in every 
interval of time comprehended between two 
consecutive returns of the Moon to the 
superior meridian. The mean inter- 
val of these returns is* 1,035050 days; thus 
the mean interval of two consecutive 
high tides is f Oj 51525 of a day^ so that 
there are some solar days in which we may 
observe but one single tide. The moment 
of low water divides this interval nearly 
into equal parts^ nevertheless at Brest the 
tide employs X ^^"^ ^^ ^^^ minutes more to 
descend than to rise. Similar to all magni- 
tudes which are susceptible of a maximum 
andaminimum, the increase and diminu- 
tion of the tides near the limits are pro- 
portional to the squares of the time elaps* 
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ed since the moments of high and low 
water. 

The elevation of the water at high tide 
is not constantly the same ; it varies every 
day and its variation is Evidently connected 
with the phases of the Moon. It is greatest 
about the time of the new and full moons^ 
then it diminishes and becomes least about 
the quadratures. At Brest the highest tide 
does pot take place exactly on the day o( 
the sysygy^ but a day and a half later ; so 
thatif the sysygy happens at the moment 
of high water the greatest tide is the third 
that follows. In the same manner if the 
quadrature happens at the moment of high 
tide^ the third tide which follows is the 
least. This phenomenon is observed to be 
nearly the same in all the ports of France^ 
but the hours of high and low water are 
very different. The greater the elevation 
of the water at high tide^ the greater the 
depression at the low tide which succeeds 
it. We call a total tide the half sum of 
the heights of two consecutive high tides 
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above the level of the intermediate low 
tide. The mean value of this total tide at 
Brest is b^^ 888 at its maximum about the 
sysygies^ and 2'^^- 789 at its minimum about 
the quadratures. 

The distance of the Moon from the Earth 
influences in a very perceptible manner^ the 
heights of the tides. All other circum- 
stances being the same^ they augment and 
diminish with the lunar parallax but in a 
greater ratio. If this parallax increases ^, 
the total tide increases -I* in the sysygies^ and 
about I- in the quadratures ; and as the tide 
is nearly twice as great in the first as in 
the second case, its increase in the two 
cases is the same. 

The greatest variation in the diameter of 
the Moon being (either more or less,) 
about -pT o{ the whole, the corresponding 
variation of the total tide in the sysygies is 
^ of its mean height, or about O"** 88,3 : 
thus the entire effect of the change of dis* 
tance between the Moon and the Earth is 
l"** 766, in the total tides. 

The variation in the distance of the Sun 
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from the Earthy influences the tides in a sir 
inilar manner, but in a much less degree. 
All other circumstances being the same ; in 
the winter when the Sun is nearest to usj 
the tides of the sysygy are the greatest^ and 
those of the quadrature less than in sum- 
mer^ when the Sun is farthest from the 
Earth. 

The declinations of the Sun and Moon 
have a remarkable influence on the tides^ 
they diminish the total tides of the sjsj- 
gies, and the tides at Brest are about 
QP^^'S less in the solstices than at the equi- 
noxes ; the total tides of the quadratures are 
likewise less by the same quantity in the 
equinoxes than at the solstices. 

It is principally about the maxima and 
minima of the total tides, that it is in- 
teresting to know the law of the variation. 
We have seen that the moment of the 
maximum at Brest follows the sysygy a 
day and a half. The diminution of 
those total tides that are near it, is propor- 
tional to the squares of the times elapsed 
from that instant to the time of the inter- 
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mediate low tide^ to which the total tide is 
referred^ it is 0'°'*1064^ when this interval 
is a lunar day. Near the instant of the 
minimum which follows the quadrature 
one day and a half^ it is proportional to the 
square of the time elapsed since that in-* 
stant; it is nearly double the diminution of 
the tides near their maximum. 

The declinations of the Sun and of the 
Moon influence very sensibly these varia- 
tions. The diminution of the tides at the 
sysigies of the solstices is not above three 
fifths of the corresponding diminution of 
thesysygies of the equinoxes. A small dif- 
ference has likewise been observed between 
the tides of the morning and the evenings 
which depends on the declinations of the Sun 
and Moon^and which disappears when these 
bodies are in the equator. This variation 
,roay be perceived, by comparing the tides 
of the first and second day after the sysygv 
or the quadrature^ because the tides being 
then very near their maximum or minimum, 
vary very little from one day to another, 
and the more easily admit the difference to 
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be perceivedj between two tides in the 
same day. Thus it is found at Brest that 
at the sysjgy of the summer solstice the 
morning tides the first and second day af- 
ter it> are less than the evening tides hy 
0^*^183. They are on the contrary greater 
by the same quantity in the sysygy of the 
winter solstice. In like manner in the 
quadratures of the autumnal equinax the 
morning tides the first and second day after 
the quadrature surpass the evening tides by 
G"^'13l ; they are less by the same quantity 
in the quadratures of the vernal equinox* 

Such are in general the phenomena that 
are observed in our ports relatively to the 
height of our tides. Their intervals ofier 
other phenomena which we are now to de* 
velope. When the high tide happens at 
Brest the moment of the sysygy, it follows 
the instant of mid-night, or mid-day 
* 0*. 14823, according as it happens in the 
morningorinthe evening: this inter valwhich 
is very difierent in harbours that are even 
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very near each other, is called the hour of 
theport,becaii9c it is from thathoiirthat we 
reckon in determining the timesofhigb wa- 
ter relatiTel y to the phases of the Moon, as 
will be explained in treating of the causes 
of the tides. The high tide that takes 
place at Brest the moment of the quadra- 
ture follows the instant of mid-night or 
mid-day *0' 35464. The tide of the sy- 
«ygj advances or retards +264" for every 
hour that it precedes or follows the sy- 
By^> ' ^bc ^<<^^ of ^he quadrature advan- 
ces or retards J 416" for every hour that 
it precedes or follows the quadrature. The 
hours of high water at the sysygies and 
the quadratures vary with the digtaiices of 
the Sun aiid Moon from the Earth and 
prioci pally with the distances of the Moon, 
lu theflysygies, every minute of increase or 
diminution in the apparent semi -diameter 
of tfaeMoon advances or retards the hourof 
high water by §354". This phenomenon like- 
wise takes place at the quadratures but is 
three times less. 

• B" Bl' 40" 8. +1'28"1, J4'3Q"7. ^ 1'j4"6. 
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In a similar manner the declination* 
of the Sun and Moon influence the time 
of high water at the sysygies and the qua- 
dratures. In the sysygies of the solstices 
the time of high water advances about 
^ 2 minutes^ it is retarded by the same 
quantity in the sysygies of the equinoxes j 
on the contrary on the quadratures of thd 
equinoxes the time of high water advances 
about f 8 minutes^ and retardsaboutthesame 
quantity in the quadratures of the solstices. 

We have seen that the retardation of the 
tides from one day to another is X 0^.03505 
in its mean state ; so that if the time of high 
waterhappensat O^^X, itwill happenthenext 
morning at § 0.13505. But this retar- 
dation varies with the phases of the Moon; 
it is the smallest possible aboutthe sysygies^ 
when the total tides are at their maximum^ 
and then it is only f 0*.02705 ; when the 
tides are at their minimum it is the great- 
est possible^ and amounts to || 0^.05207^ 
Thus the difi^erence of the times of high 

♦ 2' 52'' 8. +11' 3V^ 2. tbO' 28^' 2. § 2^ 21''. 
H 3£'57'M. II l^ 14" 58" 8. 
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water corresponding to the moment of the 
sysjgy and quadrature (and which is shewn 
above to be *O*^0Ii42) increases for the 
tides which follow in the same manner 
these two phases^ and become nearly equal 
to a quarter of a day relatively to the 
maximum and minimum of the tides. 

The variations in the distances of the 
Sun and Moon^ and principally of the lat- 
ter^ influence the retardation of the tides 
from one day to the other. Every minute of 
increase or of diminution in the apparent 
semi-diameter of the Moon^ augments or 
diminishes this retardation f 258" about the 
fljgygies. This phenomenon takes place 
likewise in the quadratures^ but is three 
times less. 

The daily retardation of the tides varies 
likewise with the declinations of the Sun 
and Moon. In the sysygies of the solstices 
it is about X l^^' greater than in its mean 
state ; it is less by the same quantity in the 
sysygies of the equinoxes : on the contrary 
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in the quadratures of the equinoxes^ it 
surpasses the mean by * 543 ^ and is sur- 
passed by the same quantity in the quadra- 
tures of the solstices. Thus the inequa- 
lities in the heights and in the intervals of 
the tides^ have very different periods^ some 
of half a day, and a day^ others of half a 
months a months a half year, and of a year ; 

others again have the same periods with 
the revolutions of the nodes, and of the 
perigee of the lunar orbit ; the position of 
which influences the tides by the effect of 
the declinations of the Moon, and of its 
distances from the Earth. 

The height, and generally all the phe- 
nomena of the tides, appear to have been 
the same in the new as in the full Moon. 

These phenomena equally take place, in 
aU the harbours and coasts alongtheshores 
of the sea ; but the local circumstances^ 
without changing at all the above laws of 
the tides, influence very materially the 
heights of the tides, and the hour of high 
water for a given port. 

'~~~ ' —I - -- - — IMI ■ II ■ - I I', ■ 1. L 11 ■ l^-^~~^~~'^'^~' 
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CHAP. XIV. 

Of the Terrestrial Atmosphere and of Astrono- 

meal Refractions. 

A THiM^ transparent^ and elastic fluid en- 
yelopes the Earthy and extends itself to a 
considerable altitude ; it gravitates like all 
other bodies^ and its weight balances that 
of the mercury in the barometer. 

At the temperature of melting ice and 
at the mean height of the barometer at the 
level of the sea« which height is nearly se- 
venty-six centimHreSj the weight of air 
is to that of a similar column of mercury in 
the proportion of unity to 10283. There- 
foreatthis temperature to iowerthe mercury 
a centimetre when its height is seventy-six^ 
it is sufficient to raise the barometer 102.83 
metres^ and if the density of the atmo- 
sphere was every where the same^ its 

height would be 7815 metres. But the air 

i5 
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is compressible very nearly in the ratio of 
the weight which presses on it; from whence 
it follows that at equal temperatures its 
density is proptirtional to the height of the 
barometer ; its inferior strata are therefore 
more dense than the superior ones^ being 
compressed by their weight. 

They become rarer in proportion as we 
elevate ourselves in the atmosphere ; and if 
their temperature were the same a very 
simple calculation would shew us^ that 
their altitude^ increasing in arithmetical 
progression^ their density would diminish 
in geometrical progression. 

The cold which exists in the elevated re- 
gions of the atmosphere augments the den- 
sity of the higher strata : for air^ like all 
other bodies^ contracts by cold^ and expands 
by heat ; and it has been observed that to- 
wards the temperature of melting ice the 
increase of a degree in its temperature 
augments its volume about a 250th part 

We have taken advantage of these data 
to measure the heights of mountains by 
means of the barometer. If at every pe- 
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riod and throughout its whole extent, the 
temperature of the atmosphere was every 
where equal to that of melting ice^ the result 
would be, that multiplying by 17973"**- 1, 
the tabular logarithm of the proportion of 
the height of the barometer observed at any 
two stations, we should obtain the height 
of one of the stations above the other. But 
this height requires a correction relative 
to the erroneous hypothesis of a uniform 
heat and temperature equal to zero. It is 
obvious that if the mean temperature of 
the stratum of air contained between the 
two stations is greater than zero^ its den- 
sity diminishes and we must ascend, to 
make the barometer fall the same quan- 
tity. The multiplier 17972"^ 1, must then 
be augmented by as many times its 250th 
part, as there are degrees in this meantem* 
perature, which is the same as observing the 
degrees of the thermometer at the two sta- 
tions, and multiplying their sum by 35^"^^ 
944, to add the product to 1792"^^ I. A 
slight correction should likewise be appli- 
ed to the height of the barometer on ac- 

i6 
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count of the difference of temperature at 
the two stations. The density of the mer* 
cury is not the same in both. 

Now its dilatation relative to the increase 
of a degree in its tem perature is a 5412th 
part of its volume; the height of the baro^ 
meter in the coldest station must thenbe aug- 
mented by its 5412th part^ taken as many 
times as there are degrees of difference in 
the temperature of the two stations. 

By means of this rule we shall obtain 
very nearly the difference of their heights^ 
if they separate but little from the same 
vertical* 

The air is invisible in small masses^ but 
the rays of light reflected by all the strata 
of the atmosphere produce a sensible im* 
pression; they give it a blue shade^ which 
spreads a tint of the same colour over all 
distant objects and which forms the celes* 
tial azure. This blue vault to which the 
stars appear to be attached^ is then very 
near us^ it is only the terrestrial atmo- 
sphere, beyond which these bodiesare plac- 
ed at immense distances. The solar rays^ 




wMch its particles transmit to us in abun' 
dance before the rising and after the setting 
of the Sun, produce the dawn and twilight, 
which extending to above * ^0° distance 
from that luminary, proves to us that the 
extreme particles of the atmosphere are 
elevated at least sixty thousand metres. 

If the eye could distinguish and refer to 
their true place the points of the exterior 
eurface of the atmosphere, we should see 
the heavens like the segment of a sphere 
formed by the portion of this surface which 
would be cut off by a plane tangent to the 
surface of the Earth. And as the height 
of the atmosphere is very small in propor- 
tion to the terrestrial radius, the sky would 
appear under the form of a flattened vault. 
But though we cannot distinguish the li-. 
mits of the atmosphere, yet as the rays 
which it transmits come from a greater 
depth of the horizon than the zenith, we 
ought to consider it more extended in the 
first direction. To this cause is joined the 
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interposition of objectsia tlieborizon^ which 
contributes to augment the apparent dis- 
tance of that part of the heavens which 
we refer to it^ the skj^ therefore^ should ap- 
pear to us very much flattenedrlike a small 
portion of a large sphere. 

A star at * 26* of altitude^ seems to di- 
vide into two equal parts the length of 
the curve^ which the section of the surface 
of the heavens by a vertical plane^ forms 
from the horizon to the zenith. From 
whence itfellows that the horizontal radius 
of this apparent celestial vault is to its ver- 
tical radius nearly as three and a quarter is 
10 unity^ but this proportion varies with 
the causes of this illusion. 

The magnitude of the Sun and Moon 
being proportional to the angle under 
which they are seen^ and to the apparent 
distance of that point of the heavens to 
which they are referred, they appear larger 
at the horizon^ though they are seen under 
a smaller angle. 

* 23° 24'. 
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The rays of light do not move in a 
straight line through the atmosphere^ they 
inflect continually towards the Earth . The 
observer J who perceives objects in the di- 
rection of the tangent of the curve which 
they describe^ sees them more elevated 
than they really are, and the stars appear 
above the horizon even when they are sunk 
below it. Thus the atmosphere^ by reflect- 
ing the rays of the Sun^ lengthens our en- 
joyment of its presence^ and augments the 
duration of the days^ which are still further 
prolonged by the dawn and twilight. 

It is extremely important to astronomers 
to determine the laws and quantity of re- 
fraction, to obtain the true position of the 
stars. But before I present the result of 
their researches on this object^ I will ex- 
plain in a few words the principal pro- 
perties of light 

A luminous ray in passing from one 
transparent medium to another approaches 
or recedes from the perpendicular to the 
surface which separates them. The law 
of refraction is such that, the sines of the 
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angles which its directions form with this 
perpendicular, the one before, the other af^ 
ter its entrance into the new medium, are 
in a constant ratio whatever the angles 
may be. But light when refracted pre- 
sents a remarkable phenomeoon which has 
led to the discoverj of its nature. A ray 
of white lights received in a dark chamber^ 
after its passage through a prism^ forms 
an oblong image variously coloured^ this 
ray is a pencil of an infinite number of rays 
differently coloured^ which the prism sepa- 
rates in consequence of their various re- 
frangibility. The most refrangible ray is the 
violet, then the indigo, blue, green, yellow, 
orange and red : but though we only dis- 
tinguish seven rays, the continuation of the 
image proves that there exists an infinity 
which approach each other by insensible 
shades of refrangibility and colour. All these 
rays, collected by means of a lens, produce 
the white colour, which is therefore only a 
mixture of all the simple or homogeneous 
colours, in determined proportions. 

When a ray of a perfectly homogeneous 
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vtovr IS xtielt separated from the others, 
't does not change either its refrangibi- 
itr/ vr colour, whatever rejlec lions and re- 
fractions it may undergo. 

It is not then due to the modification 
which light receives in the media which 
it traverses, but it is a natural property. 
Nevertheless a similitude of colour does 
lot prove similitude of light ; by mixing 
iogelher several differently coloured rays 
9£ the solar image decomposed bj tfae 
lirism, we may form a colour perfectly 
ijmilar to one of the simple colours of this 
mage ; thus the mixture of homogeneous 
led and yellow, produces an orange, simi- 
lar in appearance ta the homogeneous 
orange, but the refraction of the combined 
Hys through another prism separHtes 
ibem, and makes tbe component colours 
«appear,whiletheraysof the homogeneous 
Wrange remain unaltered. 

Rays of light are reflected if they fall 
on a mirror, making with the perpendicular 
to its surface, angles of reflection equal 
io the anglcsof incidence. 
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The refractions and reflections which 
rays of light undergo in drops of rain pro- 
duce the rainbow, the explanation of 
which, founded on a rigorous calculation 
which satisfies exactly all the details of 
this curious phenomenon^ is one of th^ 
most beautiful results of natural phi^ 
losophy. 

Most bodies decompose the light which 
they receive, they absorb one part and 
reflect the other in every direction ; they 
appear blue^ red^ green^ &c. according to 
the colour of the rays which they receive 
in the greatest abundance. Thus the 
white light of the Sun diffusing itself over 
all nature is decompesed and reflects to our 
eyes an infinite variety of colours. 

After this short digression on light I 
return to astronomical refractions. Very 
precise experiments have ascertained that 
at the same temperature the refractive 
power of air increases or diminishes as its 
density. But at equal densities does this 
force vary as the temperature ? What is the 
influence of the hygrometrical state of tho 
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air^ and of the proportion in which the two 
gases azote and oxygen are combined iii 
the atmosphere^ upon refraction? It is 
this which is unknown^ and which, consi- 
dering the importance of the object^ de- 
serves to be investigated. 

Till the present time it has been sup- 
posed that the refractive power of the 
atmosphere only depends on the density 
of its strata ; so that to determine the path 
of light which traverses it^ it was sufficient 
to know the law of their temperature. 
But this law is unknown to us^ and besides it 
varies at every instant. The temperature 
. of the atmosphere being supposed every 
where the same^ and equal to that of melt* 
iDg ice^ the density of its strata diminishes in 
geometrical progression^ and the refraction 
is *74' in the horizon^ it would only be f 56', 
if the density of the atmospherical strata 
diminished in arithmetical progression, 
and became nothing at its surface. The 
horizontal refraction which is observed to 
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be about * 64 7, is a mean between these 
limits. The law of the diminution of the 
density of the strata is then nearly the 
medium between the arithmetical and 
geometrical, progressions^ which agrees 
with the observations of the barometer 
and thermometer. In general all these 
observations and those of astronomical re- 
fraction maybe reconciled by means of very 
probable hypotheses of the diminution of 
heat from ascending in the atmosphere 
without having recourse^ as some natural 
philosophers have done> to a particular 
fluid which^ mingled with the air^ produces 
refraction. 

When the apparent altitude of a star ex- 
ceeds f 12% the refraction only depends 
sensibly on the state of the barometer and 
thermometer in the place of the observer ; 
and it is nearly proportional to the tangent 
of the apparent distance of the star fromtfae 
zenith diminished by four times the refrac- 
tion. ' It has been discovered by different 
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means that at the temperature of melting 
ieej when the height of the barometer is 
76 centimetres, the co-efficient> which 
multiplied bj this tangent gives the astro- 
nomical refraction is * 185".9^ but it varies 
M the density of the air in the place of ob- 
seryation : this densit}' varies a 250th part 
for every degree of tbe thermometer ; this 
co-efficient must therefore be increased or 
diminished as many times its 250th part, 
at the thermometer of the observer in- 
iicates degrees above or below zero; the 
density oftheairat unequal temperatures 
being proportional to the height of the baro- 
meter^ the co-efficient thus corrected must 
be varied in the proportion of the obser- 
ved altitude of the barometer, to 76 centi- 
metres. 

By means of these data^ a table of re- 
fractions may be constructed from K^ of 
apparent altitude to the zenith, in which 
interval almost all astronomical observa- 
tions are made. 
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This table would have the advantage of 
being independent of all hypotheses of the 
constitution of the atmosphere^ and might 
be as useful at the summits of the highest 
mountains as at the level of the sea* 

The atmosphere weakens the light of the 
stars^ particularly at the horizon where 
their rays traverse it throiigh a greater ex« 
tent. 

It follows from the experiments of Bou^ 
guer, that the barometer being at 76 centi^^ 
metres in height^ if we take the intensity of 
the light of a star at its entrance into the 
atmosphere as uuity^ the intensity of a star 
in the zenith when it reaches the observer 
is reduced to 0^8125. 

The height of the atmosphere re^duced 
throughout its wfaoleextent to the densityof 
the air corresponding to zero of temperature^ 
and to the pressure of a column of mercury 
or'- 76 in height, would be 7815"*^- Now 
it is natural to suppose that the extinction 
of a ray of light which traverses it is the 
same as in this hypothesis, since it meets 
the same number of aerial particles : thus a 
stratum of air of the preceding density and 
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of 7815"*' thickness^ reduces the force of 
light to 8123. 

It is easy to conclude from hence the di- 
minution of lights in a stratum of air of 
equal density and of any given thickness ; 
for it is obvious that if the intensity of light 
be reduced to one quarter in traversing a 
given thickness^ an equal thickness will re- 
duce this quarter to a sixteenth of its ori- 
ginal value; from whence we see that as the 
thickness increases in arithmetical progres- 
sion^ the intensity of the light diminishes 
in geometrical progression : its logarithms 
then follow the ratio of the thickness : thus^ 
to obtain the tabular logarithm of the in- 
tensity of light, when it crosses a stratum 
of air of a given thickness, we must mul- 
tiply 0,0902835, the logarithm of 0.812;^, 
by the proportion of this thickness to 
7815"*- and if the density of the air is 
greater or less than the preceding, this lo- 
garithm must be augmented or diminished 
in the same proportion. 

To determine the diminution of the light 
of stars relating to their apparent altitude 
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we may imagine a luminous ray moving ia 
a channel every where of the same size, 
and we may reduce the air in this channel 
to the preceding density. The length of the 
column of air thus reduced will determine 
the diminution of the light of a stlar thtis 
considered. Now we may suppose from 
the zenith to about 12" of apparent altitude^ 
the strata of the atmosphere^ sensibly plane 
and parallel^ and the passage of light rec- 
tiliniar, then the thickness of everystratum 
in the direction of the luminous ray is to 
its depth in a vertical direction as the se- 
cant of the apparent distance of the star 
from the zenith is to radius ; multiplying 
then this secant by 0.0902835, and by the 

proportion of the height of the barometer to 
Qmc. /jQ^ ^g gijg^jj g^^ ^^^ logarithm of the 

intensity of the stars* light. This very sim- 
ple rule will give the diminution of the 
light of the stars, at the summits of moun- 
tains and at the level of the sea, which 
may be useful, both to correct the eclipses 
of Jupiter's satellites, and to estimate the 
intensity of the solar light at the focus of 
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lurniug glasses. We ought, however, to 
observe that the vapors floating in the air 
fliience considerahly the extinction of the 
light of stars ; the serenity of the heavens 
in southern climates makes their light in 
general much more brilliant there; and if 
were to transport our great telescopes 
to the top of the high mountains of Peru, 
there is no doubt but we should discover 
many celestial phenomena, which a thicker 
Bnd less transparent atmosphere renders in- 
Visible in our climates. 

The intensity of light at small altitudes 
dependson the constitution of the atmos- 
|iiierc as well as refraction. If its tempe- 
rature was every where the same the loga- 
rithms of the intensity of light would be 
proportional to the astronomical refractions, 
divided by the cosines of tUe apparent atti- 
tude, and then this intensity at the horizon 
would be reduced to the four thousandth 
part of its primitive value : it is on this ac- 
count that the Sun, whose lustre at noon ia 
too dazzling to be born^, can be regarded 
tvithout pain in theliortzon, 

VOL. I. K 



It is natural to think that every particle 
of the Sun's surface sends in every direction 
the same quantify of light. Two equal and 
very small portions of this surface, seen 
from the Earth, one at the centre of the 
disk and the other towards its edge, appear 
to occupy different spaces, which are to 
each other as the radius is to the cosine of 
the arc of the great circle of the solar sur- 
face which separates these two parts, there- 
fore the intensity of the light is in an in- 
verse ratio. Notwithstanding this Bouguer 
has found by experiments that the light of 
the Sun is more brilliant at the centre than 
towards the edges. In comparing that of 
the centre, with the light of a point distant 
from the limb by a quarter of the semi- 
diameter, the intensities of these two lights 
appear to be in the proportion of 48 to 35. 
This dilference indicating a thick atmo- 
sphere round the Sun which weakens its 
light,it follows from the preceding resultsj 
and from the experiment of Bouguer, that 
the intensity of the light of a star seen 
from the aurfaciof theSun, at the zenith^ 
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is reduced to 0.24065, and that the Sunde- 
prived of its atmosphere, would appear 
twelve times and a third more luminous. 
A horizontal stratum of air, at the tempe- 
rature of zero, and under the pressure of 
a column of mercury 0"'76 ought to have 
53548"'- of thickness to weaken light in the 
same degree as the atmosphere of the Sun. 

This then would he the height of this 
Atmosphere reduced to the density of this 
terial stratum, if at equal densities its 
transparency was the same as that of the 
fcir, but of this we are ignorant. How- 
ever, these results are subordinate to the 
Correctness of Bouguer'a experiment^whick 
deserves to he repeated with care, in the 
different aspects of the solar disk. The 
Tlbrattons of the air produce sounds which, 
According to the rapidity or slowness of 
the vibratioDs, are sharp or grave. But 
whatever their nature maybe, the rapidity 
of their propagation is the same,aod sound 
strong or weak, grave or sharp, traverses 
2914"'- in a second. 

The winds* from the zephyr to the most 
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impetuous whirlwinds^ are produced by 
the air being displaced with more or leu 
yiolence. In the most violent tempests 
this velocity is about thirty metres io a 
second. It is only about a third of this 
in ordinary winds. Without doubt, the 
cause which raises regularly the waters of 
the sea^ and which appears to reside in the 
Sun and Moon, disturbs equally the equi- 
librium of the atmosphere, which it must 
penetrate to act upon the ocean. But 
the periodical winds which result from 
it are too weak to be observed amidst 
the agitations which the atmosphere ex- 
periences from a great number of other 
causes. 

It is in the atmosphere that cloud ^ 
storms, the aurora borealis,and all meteors 
are formed. The air dissolves water^ and 
this dissolving property varies with its 
density and its heat. . - '; • .:.i. <#, 

Thus, water is dissolved and . precipi**. 
tated alternately in the atmosphere^ in con 
Sequence of all the causes which vary the 
temperature and density of the air. The 
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water of the sea tn dissolving, abandons 
the salt which it contains. It descends 
under the form of dew, snow, rain, or 
hail, a part of which, collected by moun- 
taios and elevated places, is filtrated bj 
the earth it passes through, and forms 
springs and rivers which return to the 
sea. 

Electricity obtains a passage through 
4he atmosphere with difficulty: its different 
trata are habitually electrihed.and this ap- 
pears to increase in proportion to their 
-.height. The clouds formed in the high- 
er stfata arc then more electrified than the 
(lower strata into which they descend. But 
whatever be the cause of the electricity of 
clouds, it is asserted that thunder is an 
electric esplosion between the clouds and 
.the earth. 

Air is nota homogeneous substance ; ex- 
[>erinieDts have proved that it is composed 
of three parts of a gas called azote, and on 
part of oxygen gas, a gas peculiarly respi- 
<rahle, in which bodies exhibit a brilliant 
.Ugbiduringcomhustion.ltisthis gas alone 
K 3 
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which is necessary to combustion and to 
the respiration of aninials, which is koowa 
to be a Blow combustion and the principal 
source of animal heat. 

Other aeriform fluids mingle with the 
atmosphere and rise in it, in proportion to 
their specific lightness. The lightest of 
these fluids is that which is called hydrogen 
gaSi it is 15 or 16 times lighter in its state 
of purity than the atmospheric air. Com- 
bined with oxygen gas in nearly the pro- 
portion of one to six, it forms water, which 
far from being an element,as was believed 
for a long time, may be composed and de- 
composed at pleasure. Tbedecomposition 
of bodies in marshes and stagnant water, 
developes a great quantity of hydrogen gas 
which is carried to the confines of the at- 
mosphere,where being enllamed by natural 
electricity, it produces falling stars, globes 
of fire, and those trains of light which 
are observed in great heats, and which 
being seen sometimes at the same instant, at 
great distances, indicate that their height 
is at least one hundred thousand metres. 




When contained in some light substance, 
hydrogen gas rises with the hodies Avhich 
are attached to it till it meets with astra— 
turn of the atmosphere^ sufficiently rare 
for it to rest in equilibrium. 

By these means, the fortunate discovery 
of which we owe to the French philoso- 
phers, man has extended his domain and 
bis power. He may launch into the air, 
traverse the clouds, and interrogate nature 
in the exalted regions of the atmosphere 
formerly inaccessible. 

The atmosphere transmits the light of 
the Sun freely, and heat with difficulty. 
It increases therefore the heat at the sur- 
face of the Earth; and perhaps without the 
resistance which it opposes to the diifusion 
of the Solar heat, we should experience 
excessive cold at the equator itself. 

It is to heat that the aeriform state of 
the atmosphere is owing ; it is the pres- 
sure of tlieatmosphereand heat that retains 
the ocean in its fluid state. To establish 
these truths let us present in a few words 
one of the principal late discoveries con- 
cerning heat. 

K 4 
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Whatever its nature may be^heat dilates 
bodies. It changes solids into fluids^ and 
fluids into vapour. These changes of form 
are marked by singular phenomena vrhicb 
we virill trace from ice. Let us consider a 
volume of snow or pounded ice in an open 
vessel^ submitted to the action of great 
heat. If the temperature of ice is below 
that of melting ice^ it will augment up 
to zero of temperature. Arrived at this 
degree the ice will melt successively by new 
additions of heat. But if care is taken to 
agitate it till it is all melted^ the water 
will remain at the temperature of zero^ the 
heat communicated by the vessel will not 
be sensible to the thermometer immersed 
in it^ it will be entirely occupied in ren- 
dering the ice fluid. Afterwar^PWhe ad- 
ditional heat will raise the temperature of 
the water and the thermometer till the 
moment of ebullition. The thermometer 
will then again become stationary^ and all 
the heat communicated by the vessel will 
be employed to reduce the water to steam^ 
which will be at the same temperature as 
the boiling water. 
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The water produced by the melting of the 
ice^ and the vapours to which the boiling 
water is changed^ absorb at the moment of 
their formation a great quantity of heat^ 
which re-appears in the return of the aque- 
ous vapours to the state of water^ and of 
water to the state of ice : for steam^ when 
condensing on a cold body^ communicates 
much more heat than would be received 
from an equal weight of boiling water; and 
besides it is known that water will preserve 
its fluid state though its temperature may 
be many degrees below zero ; if then it is a 
little , agitated it transforms itself into 
ice^ and the thermometer plunged into it^ 
mounts to zero from the heat given out dur- 
ing this change. 

Wit^H|[^th^ pressure of the atmosphere 
melted ice would itself be converted 
into steam. But this pressure restrains the 
repulsive force which heat communicates 
to fluid particles, and retains melted ice 
under the form of water till the heat is suf- 
ficiently great for the repulsive force to 
overcome the pressure of the atmosphere. 

k5 
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At this instant ^ater boils and becomes 
steam: the degree of the temperature of 
boiling water, varies therefore with the 
pressure of the atmosphere^ it is less at 
the summit of mountains than at the 
level of the sea^ and in a receiver in 
which the air may be rarified and condensed 
at pleasure^ the heat of boiling water may 
be increased or diminished at pleasure. 
Thus heat renders the sea fluids and the 
pressure of the atmosphere prevents its be- 
ing reduced to vapour. 

All bodies which can be made to pass 
from a solid to a fluid state present similar 
phenomena. But the temperature at 
which their fusion commences is very dif- 
ferent in each of them. Mercury, for exam* 
ple^ becomes solid at forty deMps below 
zero^ as is found by experience. It begins 
to melt at this degree of temperature^ it 
boils at 376^ and under the pressure of a 
column of Mercury of 0.76 metres: so that 
at this pressure of the atmosphere, the in- 
terval of temperature included between 
fusion and ebullition wl^ich is for water 
lOO^ increases to 416* for mercury. 
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There exist bodies whicli caonot become 
fluid by the greatest heat we can induce. 
There are others which the greatest cold 
experienced on the earth, cannot reduce 
to H solid form. Such are the fluids which 
form our atmosphere, and which, not- 
withstanding the pressure and the cold to 
which they have been submittedj have 
still maintained themselves in the state of 
vapour. But their analogy with aeriform 
fluids, to which we reduce a great number 
of snbstances by heat, and their conden- 
sation by pressure and cold, leaves no 
doubt but that these atmospheric fluids 
are extremely volatile bodies, which an 
intense cold would reduce to a solid state. 
To make them enter this state, it would be 
sufficient to remove the Earth from the 
Sun, as it would be sufficient to bring it 
nearer, to induce water, and many other 
bodies, to enter into our atmosphere. 
These great vicissitudes take place on co- 
mets, and principally on those which in 
their perihelion approach very near the 
Suo. The nebulosities which surround 
il6 
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them^ and the long trains which follow 
theni^ are the result of the evapora- 
tion of the fluids at their surface. The 
cold^ which is the consequence of this^ 
should temper the excessive heat produc^ed 
hy their proximity to the Sun. And the 
condensation of the same fluids^ when they 
depart from it^ repairs partly the diminu- 
tion of heat which this separation should 
produce ; so that the double effect of the 
evaporation and condensation of the fluids^ 
approximates considerably the greatest 
heat and cold which comets experience at 
each of their revolutions. 
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On the real Motions of the Heavenly Bodies, ' 

Provehemur portiu terraeque urbesque recedunt 

ViRG. Eneid. Lib. IIL 

If man had confined himself to collecting 
facts alone^ science would only have pre- 
sented a steril nomenclature, and he would 
never have attained the knowledge of the 
great laws of nature. It is by comparing 
phenomena together^ and by endeavour- 
ing to trace their connection with each 
other^ that he has succeeded in discovering 
these laws^ the existence of which may be 
perceived even in the most complicated of 
their effects. Then it is^ that nature in 
discovering herself, has shewn how from a 
small number of general causes she has 
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produced the infinite variety of pheno- 
mena which hare been observed; and thus 
enabled us to determine those^ which sue* 
cessive circumstances will bring to lights 
and being assured that nothing will inter* 
pose between these causes and their effects^ 
we venture to extend our views into futu- 
rity^ and contemplate the series of events^ 
which time alone can develope. It is only 
in the theory of the system of the world, 
that the human understanding has attained 
to this state of perfection. Let us examine 
the path that has been followed in this in* 
vestigation. 
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CHAP. I. 

Of the Motio7i of Rotation of the Earth. 

▼Vhen we reflect on the diurnal motion 
to which all the heavenly bodies are sub^ 
ject, we cannot but recognize the ex- 
istence of One general cause which moves 
them^ or which seems to move them round 
the axis of the Earth. If we consider 
that these bodies are insulated^ with re- 
spect to each other^ and placed at very 
different distances from the Earthy that 
the Sun and the Stars are at a much great- 
er distance from it than the Moon^ and 
that the variations in the apparent diame- 
ters of the planets^ indicate great alte- 
rations in their distances ; and moreover^ 
that the comets traverse the heavens freely 
in all directions^ it will be difficult to con- 
ceive that it is the same cause which im- 
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presses on all these bodies a common mo- 
tion of rotation. But since the heavenly 
bodies present the same appearances to us^ 
w hether the firmament carries them round 
the Earthy considered as immovable^ or 
whether the Earth itself revolves in a con- 
trary direction ; it seems much more na- 
tural to admit this latter motion^ and to 
regard that of the heavens as only appa- 
rent. 

The Earth is a globe whose radius is 
only about four thousand English miles ; 
the Sun, as we have seen, is incomparably 
larger. If its centre coincided with that of 
the Earthy its volume would embrace the 
orbit of the Moon, and extend as far 
again, from which we may judge of its 
immense magnitude, besides, it distance 
from us is twenty-three thousand times the 
semi diameter of the Earth. Is it not in- 
finitely more simple to attribute to the 
globe we inhabit, a motion of rotation on 
its own axis, than to suppose, in a mass so 
considerable, and so remote, as the Sun, 
such an extreme rapid motion as would be 
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requisite to revolve io one day round the 
Earth ? What immense power would it 
not require to contain it^ and counterba- 
lance its centrifugal force ? Every one of 
the stars presents similar difficulties^ which 
are all removed by the rotation of the 
Earth. 

We have seen that the pole of the equa- 
tor seems to move slowly round that of 
the ecliptic^ from whence results the pre- 
cession of the equinoxes. If the Earth is 
immoveable, the pole of the equator is 
equally so, since it always corresponds to 
the same point of the terrestrial surface ; 
the ecliptic therefore moves round these 
poles, and in this motion carries all the 
heavenly bodies with it. Thus the whole 
system, composed of so many bodies, dif- 
fering from each other so much in their 
magnitude, motions, and distances, would 
be again subject to a general motion, 
which disappears, and is reduced to a sim- 
ple appearance, if we suppose the terres- 
trial axis to move round the poles of the 
ecliptic. 
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Carried on "with a Telocity which is 
common to every thing that surrounds ns, 
we are in the case of a spectator placed 
in a ship that is in motion. He fancies 
himself at rest^ and the shore^ the hills, 
and all the objects placed out of the ves- 
sel, appear to him to move. But on com- 
paring the extent of the shore, the plains, 
and the height of the mountains, with the 
smallness of his vessel, he recognizes that 
the apparent motion of these objects, arises 
from the real motion of himself. The 
numberless stars which fill the celes- 
tial regions, are relatively to the Earth, 
what the shores and the hills are to the 
vessel ; and the same reasons which con- 
vince the navigator of the reality of his 
own motion, prove to us the motion of the 
Earth. 

These arguments are likewise strength- 
ened by analogy. A rotatory motion has 
been observed in several planets, and al- 
ways from west to east, similar to that 
which the diurnal motion of the heavens 
seems to indicate in the Earth. Jupiter, 



greatly exceeding the Earth in magnitude, 
moves round its axis in less than twelve 
hours. An observer oo its surface would 
see the heavens revolve round him in that 
time ; yet that motion VFould only be ap- 
parent. Is it Dot therefore reasonable to 
think that it is the same with that which 
we observe on the Earth ? What confirms, 
ia a very striking manner, this analogy, is, 
that both the Earth and Jupiter, are flat- 
tened at the poles. We comprehend, ia 
fact, that the centrifugal force which 
tends to remove every particle of a body 
from its axis of rotation, should flatten 
the Earth at its poles, and elevate it at 
the equator. This force should likewise 
diminish that of gravity at the equator ; 
and that this diminution does take place, 
is proved by experiments which havebeeo 
made outhe lengths of pendulums. Every 
thing then leads us to conclude, that the 
Earth has really a motion of rotation, and 
the diurnal motion of the heavens is mere- 
ly an illusion which is produced by it ; — 
an illusion similar to that which represents 
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the heavens ai a blue vaults to which all 
the Stars are fixed^ and the Earth as a 
plane^ on which it rests. 

Thus astronomy has surmounted the il- 
lusions of the senses^ and it is not till they 
haye been dissipated by a great number of 
observations and calculations^ that man 
has at last recognized the motion of the 
globe which he inhabits^ and its true posi- 
tion in the universe. 
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CHAP. II. 

Of the Motion of the Planeti round the Sun. 

rV^ shall consider at present the pheno- 
mena of the motions proper to the planets, 
and first let us follow the motion of Venus^ 
its apparent diameter^ and its phases. In 
the mornings when it begins to disengage 
itself from the rays of the Sun^ it is seen 
previous to the rising of this luminary > 
Under the form of a crescent, and its ap- 
parent diameter is at its maximum. She 
is then nearer to us than the Sun^ and al- 
most in conjunction with it. Its crescent 
augments^ and its apparent diameter di- 
minishes^ in proportion as it recedes from 
the Sun. Arrived at about * fifty degrees 
distance from the Sun.it returns towards it^ 
discovering more and more of its enlight- 
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ened hemisphere to ua. Its apparent dii^ 
meter continues to diminish till the i 
ment when it replunges in the moraiDg* iam 
the solar rays. 

At this instant Venus appears to ui 
full, and its apparent diameter is a mini- 
mum. It is then, in thia position^ farther 
from us than the Sun. After disappearing 
for some time, this planet re-appears in 
the evening, and produces, in an inverse 
order, the phenomena it had displayed, 
previous to its disappearance. Its en- 
lightened hemisphere turns more and more 
from the Earth, its crescent diminishes, 
and at the same time its apparent diameter 
augments, as it hecomes more distant from 
the Sun. When it is about fifty degrees, 
she returns towards it, its crescent conti- 
nues to diminish, and its diameter to aug- 
ment, tilt it again immerges into the rays 
of the Sun. Sometimes, during the in- 
terval which separates its disappearance 
in the evening, from its re-appearance in 
the morning, it is seen under the form i 
a spot, moving on the Sun's disk. 
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evident; from all these pheoouicna, tliat 
tbe Sun is nearl; in the centre of the orbit 
of Venus, and that in its motion round 
the Earth, it carries with it this orbit. 

This result, obtained by observations of 
the phases and apparent diameter of Ve- 
nus, explains so naturally' its alternate, di- 
rect, and retrograde motion in longitude, 
and its whimsical aad complicated motioo 
I in latitude, that it is impossible to relapse 
I into doubt concerning it. Mercury offers 
I us the same appearances as Venus, there- 
I fore the Sun is nearly in the centre of 
I its orbit. These two planels accom- 
t pany it in its revolution about the 
f £artb, without departing from it above 
certain limits, which depend on the angles 
under which their orbits are seen. Those 
planets which leave the Sun at the greatest 
possible angular distance, present to us 
other phenomena. Their diameters are at a 
maximum in the opposition ; they dimi- 
nish in proportion as they approach the 
Sun ; therefore the Earth is not in the 
centre of motion of these planets. Pre- 
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viousto the opposition^ this motion^ from 
direct, becomes retrograde ; after the op- 
position^ it resumes its direct motioOj 
when the planet, in its approach to the 
Sun, is about as far distant from it, as at 
the commencement of its retrogradation ; 
and it is at the moment of opposition, that 
its retrograde velocity is the greatest « 
This evidently indicates that the observed 
motion of these planets, is the result of 
two motions^ alternately in the same and 
contrary directions, and of which one is 
governed by that of the Sun« Such are 
the motions of Mercury and Venus, which, 
revolving round the Sun, are carried with 
it round the Earth. It is natural to ex- 
tend the same law to the other planets^, 
with only this difference, that the Earth, 
placed without the orbits of Venus and 
Mercury, is within those of Mars, Jupi- 
ter, Saturn^ and Uranus. All the appear- 
ances of the motions and diameters of these 
planets, proceed so naturally from this 
hypothesis, that the mechanism of nature 
cannot be mistaken in it« That the mo<* 
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tion of the planets round the Sun is almost 
circular is proved in case of Jupiter^ by 
the eclipses of its satellites. 

It has been previously shewn^ that these 
phenomena give the distances of these pla<- 
nets from the Sun^ in parts of the meaii 
distance of the Sun from the Earth ; knd 
it has been thus found, that these distances 
Vary little in the course of one revolutioD» 
and that the motions of these planets are 
nearly uniform. We are then conducted 
by the comparison of these phenomena^ to 
place the Sun in the centre of the orbits 
of all the planets which move round it^ 
ivhile it moves^ or appears to move^ round 
the Earth. 
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GHAP. III. 

Of ihe Motion of the Earth round the Suns 

SuAll tre now suppose tbe Sun accom' 
panied bj the planets and satellites ia mo* 
tioD round tbe Earthy or sball we imagine 
the Earth and other planets to revolve round 
the Sun ? The appearances of the heavenljr 
motions are the same in the two hypothc- 
8es> but the second should be preferred} 
for the following considerations. 

The masses of the Sun and of several of 
the planets, are considerably greater than 
that of the Earth ; it is much more simple 
to make the latter revolve round the Sun 
than to put the whole solar system in 
motion round the ^arth. What a com- 
plication in the heavenly motions^ would 
the immobility of the Earth suppose ! 
What a rapidity of motion^ must be given 
to Jupiter, to Saturn, which is ten times 
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farther from the Sun than we are^ and to 
tJranus which is still more remote^ to 
ladake them every year revolve round us^ at 
the same time the j are revolving round the 
Sun. 

This complication and this rapidity 
of motion disappear by transferring the 
motion to the Earth : a motion confor- 
mable to the general law^ by which the 
small celestial bodies revolve round the 
large ones which are placed in their vici- 
nity. 

The analogy of the Earth with the 
(^IcAtets confirms this hypothesis ; like Ju- 
f/itet it retolves on its axis and is accom- 
panied by a satellite. An observer on the 
tfuffa^e Off Jupiter^ would conclude that the 
M^ar ^y^em was in motion round him^ 
and the magnitude of that planet would 
render this illusion less improbable than for 
th<e Earth. Is it not therefore reasonable 
to imagine that the motion of the solar sys « 
tern round us^ is likewise only an illusion. 
Let us transport ourselves in imagination 
to the surface of the Sun^ and f^om thence 
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let U8 consider the Earth^and the plaoetii. 
All these bodies i;?ill appear to move from 
west to east ; already this identity in tiie 
direction indicates a motion of the Earth, 
but that which demonstrates it evidently 
is the law which exists between the times 
of the revolutions of the planets, and their 
distance from the Sun. They revoWe 
round it slower as their distances are 
greater, and in such a manner that the 
squares of the periodic time are in proper-* 
lion to the cubes of their mean distances* 
According to this remarkable law^ the 
length of a revolution of the Earth, sup- 
posing it in motion round the Sun^ should 
be exactly a sidereal year. Is not this an 
incontestable proof that the Earth moves 
like the other planets and is subject to 
the same laws ? For would it not be very 
strange to suppose the terrestrial globe 
which hardly subtends a visible angle at 
the Sun, immovable amidst the other pla*^ 
nets which are revolving round it, and that 
the Sun should be carried with them about 
the Earth? 
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Ought not the force which balances the 
centrifugal force and retains the planets in 
their respective orbits, likewise to act 
upon the Earlb ? and must not the Earth 
oppose to this action the same centrifugal 
■force ? Thus the consideration of the ce- 
lestial motions as observed from the Sun, 
leaves no doubt of the real motion of the 
Earth. An observer on the surface of the 
Earth has another evident proof of its mo- 
tion in the phenomenon of the aberration, 
wbich is a necessary consequence of it, a^ 
we shall now explain. — About the end of 
the seventeenth centnrj, Roemer observed 
that the eclipses of the satellites of Ju- 
piter happened sooner about the oppo- 
sitions of this planetj and later towards 
the conjunctions ; this led him to suspect 
that light was not transmitted instanta- 
neously from those hodie:^ to the Earth, 
but that it employed a perceptible inter- 
val of time to traverse the diameter of the 
orbit of the Sun. In fact, Jupiter being 
in his oppositions nearer to us than in the 
conjunctions, by a quantity equal to thii 
l3 
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diameter^ tbe eclipses ought to happen 
sooner to us in tbe first case than in tbe 
latterj by tbe time which the light takes to 
traverse this orbit The law of retarda- 
tion observed in these eclipsesj aaswers so 
exactly to this hypothesis^ that it is. im- 
possible to refuse assent to it. It appears 
that light employs * 571^' in coming from 
the Sun to the Earth. 

Now an observer fU rest would see the 
stars according to the directions of their 
jays^ but this will not be the case on 
the supposition that he partakes of the 
motion of the Earth* To reduce this casp 
to that of the observer at restj it is suffici- 
ent to assign in a c<»ntr«ry direction^ both 
to the vstarsj to tbe lights and to the obser*- 
vedT himself^ a motion equal to that by 
which be is impelled, which would not 
change the apparent position of the stars ; 
for it is a general law of optics that if all 
the bodies of aj^ystem are impelled by a 
common motion^ there will result no 
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change io their riespec|;iye a^u^ions. fict 
us imagiJie, thm, th9.t /^ inAtioa eqya} ^4 
cMitrar J to tbajt ^f the ohs/e^rye^^ ^s S^^^ 
to the rayB of Mght, a^d geuex^\\y io ftU 
the other bodi^Sj aqd )|M; m §P^ W^i pfe^:- 
BMiiena sh^^ul^ result ja the ^pp^^r^ ^o- 
iition of the stv/s. Wa ^?7 leave pj^ o^ 

the question the ^WTl^fLl WPtjpff 9f t^P 
Earthy which is liiot eY^ep a^ t^e ^q^^p^r 
.^th pajrt 4>f th?i|; »! its orhj^ ^pi^ jtfe^ 
fiui. We may bere 8iifppx>fye ,alsp wi^iLQ|i4 
iensibie cftof thf^t a^} ^he rays ?«rj^icb ^^cjl}i 
yiat of the/iisjl^iof 4. heayenly body tf.^fxnT 
iiiits to us are p^9,)JLe^ to eac)^ oth^^^ ^^4 
to that my wjbich would CjOi^e from jlJxe 
ceptEe of the £tar A9 the ^n^re of jth^ Eart^ 
if it arere itranspar^e^t. Th^s the p^i^e^* 
UiMui which tJUe Mair3 Wi^uld presenjt to aa 
obserirer p Lured at the ce^ti:e ^9^ tJiie jS^f t]^« 
and which depend on th^ if^wf^ pf ^S^ 
combined with that ^of i}m T^tif, ftre 
oearly the sai^ for ey^y ^i^yer ,911 
its ««irface. Moceo^er w)e JHHjuy ^qglect 
the smaU exeontr-ieity o£ the Jtorjciefitrjigj 
orbit, 
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tn the interval of *571>^ that light 
employs to trayerse the terrestrial orbit, 
the Earth describes a small arc of this or* 
bit equal to f 62^^ 5 ; now it follows from 
the law of the composition of motion, that 
if through the centre of a star we imagine 
a small circle parallel to the ecliptic, and 
whose diameter subtends in the heavens ah 
angle of X 125^, the direction of the mo- 
tion of light combined with the motion of 
the Earth, and applied in a contrary di-- 
rection, will meet this circumference in a 
point where it is intersected by a plane 
drawn through the centre of the star tan-» 
gentially to the terrestrial orbit. The 
star therefore ishould move upon this cir- 
cumference, and describe it every year in 
such a manner that it should constantly 
foe less advanced by § 100^ than the Sun in 
its apparent orbit. 

This phenomenon is exactly that which 
we have explained in Chap. XI, Book I. 
from the observations of Bradley, to whom 
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■»e are indebted both for the discovery and 
teause. To reduce these stars to their true 
position, it is sufficient to place them in 
the centre of the small circle they appear 
to us to describe. 

Their annual motion, therefore, is only 
an illusion produced by the combination 
of the motion of light with that of the 
Earth. The relation of this motion with 
the position of the Sun, would lead to a 
Euspicion that it was only apparent, hut 
theforegoingcxplanation provesit beyond a 
doubt. It affords a sensible demonstration 
of the motion of the Earth round the Sun, 
in the same manner as the increase of de- 
grees and of the force of gravity in going 
from the equator to the poles, proves its 
revolution on its axis. 

The aberration of light affects the posi- 
tions of the Sun, the planets and their sa- 
tellites, and comets, but in a different 
manner according to their particular mo- 
tions. To divest them of this, and to ob- 
tain the true position of the stars, let us 
suppose at every instant, a motion impress- 
l5 
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ad on all these bodiiei equal ud «MiArtf y 

to that of the Earthy which thus may be 

rappoeed at (test, thk^ aa obsenred «In>v^ 

neither altera their respective positioas 

nor appearances. Then it iaevideat that 

a hea^reoly body^ atitlw isoaMnt me obttlrYe 

it, igmo ioDger in the direction of tfMB kt^ 

nkious Tay whiofaatrihes our sight ; il has 

left it in coaaeqiience of its relal niotioli 

combbed ^witfi that of the Earth whicih 

we supposed impressed in a contrary 4i^ 

reotion. The coinbiiiation of tbeee two 

Tmotions^ as twen from the Eantiij forats the 

apparent or^ as it is termed^ thetgeocenttic 

motion. We shall have then the true pa^ 

^ition of the object^ by adding to 4he ob^ 

'^served geooentrie longitude and 4atitiide, 

its geocentric motion in lon^ude and >Ut- 

4itude^ for the interwil of time wbich 

light >eiki ploys to «ome from the heasipenly 

(body to the Earth, Thus the centre «of 

the -Sun seems constantly less advanced 

hy ^^6^' b, in its orbit, than if its 
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light -Wfts tranemiUed io lu -jtwtaAt^iW*- 
oualy. 

The aberration of light cbaogeB tlie rela- 
tion sof celestial phenomeiiaj both as to space 
aad as to duration. At the moment we see 
them they no looger exist. 'W.e do not see 
the termination of the eclipses <)f Jupiter'^s 
satellites till *25'or 3(y after they h aye re- 
covered their light ; and the variations of 
lightofsomeofthc changeable, stars precede 
fcy many years the instant of their observa- 
"tioDS. But the cause of these illusioi^ 
-being well understood, we can alw,ays 
.refer the phenomena of the solar system -tp 
•Iheir true place and epoch. 

The consideration of the celestial mo- 
rtions leads uBj then, to displace the £arth 
ifrom the centre of the world where we had 
■placed itj deceived by appearances, and 
(by-the natural propensity of man to regard 
-himself as the principal object in nature. 
Ihe globe which we inhabit is a planet 
Lta motion on itself and round the Sun. 
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In confidering it in this point of TicfWj all 
the pbenomena are explained in the moit 
simple manner^ all the celestial motions 
become uniform^ and the analogies are 
preserved. Like Jupiter^ Saturn^ and 
Uranus^ the Earth is accompanied by a 
satellite^ it turns on itself like Yenus^ 
Mars^ Jupiter^ and Saturn^ and probably 
the other planets ; it like them borrows its 
light from the Sun^ and moves round it in 
the same direction^ and according to the 
same laws. Finally the hypothesis of the 
Earth's motion unites in its favour simplt*^ 
city^ analogy^ and every thing which cha.- 
racterizes the true system of nature. We 
shall see that following it in its conse- 
quences^ the celestial phenomena are 
broughtj even in their minutest details, to 
one single law^ of which they are only 
the necessary developments. The motion 
of the Earth will thus acquire all the cer« 
tainty of which physical truths are sus- 
ceptible- And it may result either from 
the great number and variety of pheno- 
mena which it explains, or from the sim-- 
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plicity of the laws on which it is made to 
ii^pend. None of the branches of natural 
knowledge unite these advantages in a 
higher degree than the theory of the sjsi* 
torn of the world founded on the motion 
of the Earth. This motion ennobles our 
conceptions of the universe^ by affording 
for a measure of the distances of the heaven- 
ly bodies^ an immense base — ^the diameter 
of the terrestrial orbit. By this we have 
accurately determined the dimensions of 
the planetary orbs. 

Thus the motion of the Earthy after hav- 
ingy 1>7 illusions of which it is itself the 
canscj retarded our knowledge of the pla- 
netary motion for a great length of time^ 
mt last conducted us to them^ and that in 
A more accurate manner than if we had 
been placed in the centre of their sys- 
tem. 

Nevertheless the annual parallax of the 
'fftarsj or the angle which the diameter of 
the terrestrial orbit would subtend at 
this centre, is insensible, and does ngt 
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amoirat io ^S^' ewen vdativolf ^ (IjboM 
flttf 8 wkich (t0m tlmr esLtrj^me brJAUwcjB 
appear to be neavent to :«$i They m^ 
therefore ut leartra htmdced ttmiMmii Hmm 
farther firmn .us fban Hskt 6 w. Tlnevr ffo^ 
digious brigbtaeM nt to imisaratfB li ^V** 
iance, ^proTes to »s ittiat Abey dP iHPtf Ift^ 
4he planets and tbetr rsatellit^g^ ^bonr^pw 
their Jigbt from tbe ^iiQ« but thfkt they 
tshine with Iheir own iight .; .so Abat ih^ 
areso .many suns sctMefted M the immaiir 
sity of space^ and which^ flimilarjy ifitOUtf^, 
•may be the foci of so many rplanetary sys- 
tems. It would ia fact be :8iiflBlcient to 
place ourselves lupon the oearest of thes^ 
4rtar8 in order to isee "the . Sun only as a lu^ 
^minous object^ the diameter o^ wbicjli 
would be less rthan the tbictietli of .a se- 
cond. 

It results from the immense distanoe qf 
iixe 'Staits^ that their rmotipn in right ascen- 
sion and declination^ are only appjearai^ces 
'produced by the motion of the '^artbts 
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axis of rotation. But some stars appear 
to have motions proper to themselves^ and 
it is probable that they are all in motion 
as well as the Sun which carries with it 
the whole system of planets in space^ in 
the same manner as each planet draws its 
s|iteUites in its motion round the Sun. 



233 



CHAP. IV. 

Of the Phenomena which arise from the Motion 

of the Earth. 

From the point of view in which the 
comparison of the celestial observations 
has placed us, let us consider the heaven- 
ly bodies^ and show the perfect identity of 
their appearances with those which we 
observe. Whether the heavens revolve 
round the axis of the worlds or the Earth 
moves itself in a contrary dicection to the 
heavens^ supposed at rest^ it is clear that 
the stars will present themselves to us in 
the same manner. There will be no other 
difference but that in the first case they 
will come and place themselves succes* 
sively over the different terrestrial meri- 
dians^ which in the second will place 
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tliemsclves under the stars. The motion 
of the Earth being common to all bodies 
situated on i(s surface, and to the fluids 
■which cover it, their relative motions are 
the same as if the Earth was at rest. Thus 
in a vessel whose motion is uniform, every 
thing moves as if the vessel were at rest, 
A projectile thrown directly upwards falls 
on the same spot from which it was pro- 
jected, it seems to describe a vertical line 
to those in the vessel, hut seen from the 
shore it really describes a parabolic curve. 
Thus the rotation of the Earth cannot be 
aensible on its surface, except by the ef- 
fects of the centrifugal force whigh flat- 
tens the terrestrial spheroid at the poles^ 
and diminiBhcs the force of gravity at the 
equator ; two phenomena with which the 
measure of the degrees at the meridian, 
and of the pendulum, have made us ac- 
quainted. 

In the revolution of the Earth round 
the Sun, its centre and all the points of 
its axis of rotation, being moved with ve- 
locities equal and parallel, this axis re- 



DiaiDs always parallel to itself: in impresi? 
ing then at every iostaot to a)) ttie pptr^ 
of the Earth a motion equal and coottMy 
to that of its centre^ it would rest iimiM^f 
able like its axis of rotation ; tbi« imi^rps^^ 
motion does not chang^ at iill the ap^^F* 
aaces of that of the Sub^ it Qiily traaspfM^4t 
in a contxary direction to the Siup^ t]^ r^cf) 
motion of the i)art]?. The ^ppiei^rwof^ 
are eonsequei^tly thi^ aame in th^ hyppl^r 
sis of the JSarth fit reU, ao4 i^ th»t ^ iti 
m«tipp roMn4 the $w. To f^l^pyr pMfTf^ 
particularly these appeair44i:^8^ let qs 
imagine a radius draw^ ffom the d^ntre pf 
thp Sua to that of the Enrtj^ : ikh ra4ii|? 

will be perpendi^juJiar to the plane w^^ick 
separates the hemisphere which i^ eplight^ 
ened from thai which is in i>tM9|cur^tyf A 
^peetator at the pm»t where tW^ int^aept? 
the terrestrial f urf^c^^ wiU s^ tb^ Hm 
perpendicularly above him, an^ evtff^ 
pMdfrt of Hie ^terrestrial paraU^l lllpr^^ifgh 
wrhich ithi^ ra^ius :mocmHy^e)iy p^^^s jf 
consequence ^ ji^s 4iuTAial rK¥>tiiOA, ^M 
have at no<m t^ iSsun ijn «ts ««w^li. Ttm 
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whether the Sun turus round the Earth, 
or the Earth round the Sun and on its own 
mxis, this axis preserving a pariillel poai- 
tioD> it IB evident that this radius will 
trace the same curve on the surface of 
the Earth, it will in each case cut the 
vsme parallels to the equator when the 
Sun has the same apparent longitude : 
this luminary will be equally elevated 
■hove the horizon, and the days will be of 
'|be same length. Thus the seasons and 
■the days are the same in the hypothesis of 
'the immobility of the Sun, or of its mo- 
tion round the Earth : and the expUaa- 
tion of the seasons will be equally inteU 
ligible by cither hypothesis. 

The planets all move in the same direc- 
lion round the Sun, but with different velo- 
Mties, but the length of their revolutions 
Lcrease in a greater ratio than their dis- 
ances from the Sua. Jupiter, for instance, 
PemployB nearly twelve years to perform 
(its revolution, but the radius of his orbit 
8 only five times Renter than that of the 
-th : its T«al velodty u therefore leas 
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than that of the Earth ; this diminution 
of velocity in the planets as they recede 
from the Sun applies generally to all of 
them^ from Mercury^ which is the near- 
est^ to Uranus^ which is the most re^ 
mote ; and it results from the laws which 
we shall hereafter demonstrate^ that the 
mean velocities of the planets are recipro- 
cally as the square roots of their mean 
distances from the Sun. 

Let us consider a planet whose orbit is 
surrounded by that of the Earthy and fol- 
low it from its superior to its inferior con- 
junction; its apparent or geocentric mo- 
tion is the result of its real motion com- 
bined with that of the Earth consider- 
ed as moving in a contrary direction* 
In the superior conjunction^ the real mo* 
tion of the planet is contrary to that of 
the Earthy its geocentric motion is then 
the sum of the two motions^ and it has 
then the same direction as the geocentric 
motion of the Sun^ which results from tiie 
real motion of the Earth transferred in a 
contrary direction to the Sun^ and thus 



237 

the apparent motion of the planet is di^ 
rcct. 

In the inferior conjunction the motion 
of the planet has the same direction as 
that of the Earth ; and as it is greater^ 
the geocentric motion preserves the same 
direction^ hut it is only the excess of the 
real motion of the planet above that of 
the Earthj it has therefore a 'motion con- 
trary to that of the Sun^ and consequently 
it is retrograde. 

It is easy to conceive that in the interval 
from the direct to the retrograde motion^ 
the planet should appear without motion^ 
or stationary ;* and that this will happen 
between the greatest elongation and the 
inferior conjunction^ when the geocentric 
motion of the planet^ resulting from its 
real motion and that of the Earth applied 
in a contrary direction, is directed in the 
lame line as the visual ray to the planet. 
These phenomena are entirely confoi'mable 
to the motions that are observed to take 
place in the planets Mercury and Venus* 



The motioit of the plMcfts wliode orbits 
comprehend that of the Earthy has ih€ 
same direction in their oppositions as the 
motion of the Earthy but it is less^ and 
being combined with this last motion ap^ 
plied in a contrary direction^ it takes a 
motion contrary to its primitire direction, 
the geocentric motion of the planet is tbei 
retrograde, in the conjunctions it is direct, 
the same as in the superior coirjonctiodi 
of Mercury and Venus. 

In transferring to the stars ( but in a 
contrary direction) the motiofi of thi 
Earth, they should describe every year a 
circumference equal and piLrallel to the 
terrestrial orbit, and of which the diame^ 
ter should subtend an angle equal to that 
which this orbit subtends at the disttec^ 
oftbestan This apparent motion has a 
great resemblance to that which fesiilts: 
from the combination of that of the Earth 
with that of light, and by which the stars 
seem annually to describe a circle parallelto 
the ecliptic, the diameter of which subtends 
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anlmgle of ♦laS^ but it differsifl this, that 
ihfese £(tars haye the same position as th^ 
Stifi on the first cifctimfereilce, Whereas in 
the second fhey are less advanced than the 
SuiibytlOO*. By this circumstance the 
two bidtions may he distinguished from 
each othef, and it appears that the first is 
insensible. The immense distance of the 
stars from us rendering insensible the 
angle which the terrestrial orb subtends 
when viewed from them. 

The axis of the world being nothing 
more than the prolongation of the Earth's 
axis of rotation, we should refer to this 
axis the motion of the poles of the celestial 
equator, indicated by the phenomena of 
precession and nutation, which see in 
Chap. XI. of the first Book. Thus at the 
same time that the Earth moves on its 
own axis, and round the Sun, its axis of 
rotation moves very slowly round the 
poles of the ecliptic : but subject to small 
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oscillations of which the period is the same 
as that of the motion of the nodes of the 
lunar orbit. But this motion is not pecu- 
liar to the Earth alone^ for we have seea 
in the fourth Chapter of the first Bool^ 
that the axis of the Moon moves in 
the same period round the poles of the 
ecliptic. 
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CHAP. V. 

P|S* Figure of the planetary Orbits, and of 
the Law of their Motiont round the Sun. 

"JoTHiMG would be more easy than to 
ljBa)culate the position of the planets at any 

■ given moment, from the preceding data, if 
k their motioos round the Sun were circular 
I pnd uniform. But they are subject to very 

■ perceptible inequalilies, the lawsof uhich 
f form one of the most important objects of 

astronomy, and are the only clew that caD 
conduct u3 to the general principles of the 
celestial motions. 

To recognize these laws in those appear- 
ances fvhich the planets offer to us, it is re- 
quisite to deprive their movements of the 
effects of the Earth's motion, and to refer 
to the Sun their position observed front 
different points of the terrestrial orbit. It 
is then necessary, 6rst of all to determine 
the dimensions of this orbit and the law of 
the Earth's motion. 

VOL. I. M 
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It has been shewn in the second Chapter 
of the first Book, that the apparent orbit 
of the Sun is anellipse, of which the cen- 
tre of the earth occupies one of the foci ; 
but as the Sun is really immoTaUe it 
must be placed in the focus of the ellipse^ 
and the Earth at the circumference. The 
apparent motion of the Sun would be the 
same^ and to obtain the position of the 
Earthy as seen from the centre of the Sun, 
it would be sufficient to augment by two 
right angles the position of that body. It 
has been also seen that the Sun seems to 
move in its orbit in such a manner that the 
radius vector which joins its centre to that 
of the Earth, appears to trace round it 
areas proportionate to the times in which 
they are described : but in reality these 
areas are traced round the Sun. In gene- 
ralj all that has been said in the chapter 
already cited, upon the eccentricity of the 
solar orbit and its variations on the posi- 
tion and motion of its perigee, ought to be 
applied to the terrestrial orbit, observing 
only that the Earth's perigee is M the dis« 
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tanceof two rigbtangles fromthatof tlieSun. 
The figure of the terrestrial orbit being 
thu8 known, let us aeehowthe knowledge 
of theorbitsof the other planets has been ar- 
rived at. L.etus take for example, the planet 
Mara, which bj the great exccDtricify of 
its orbit, and its proximitj to the Earth, is 
verjr well calculated to discover to us the 
laws of (be planetary motions. 

The motion of Mars round the Sun and 
its orbit would be known, if we could ob- 
tain for any instant the angle which its 
radius vector makes with an invariable 
straight line passing through the Sun's 
■ centre, and the lenglh of this radius. To 
simplify this problem, we choose those 
positions of Mars in which one of these 
quantities can be found separately ; and i\\ 
18 this which takes place very nearly in th« I 
oppositions in which this planet is seen f 
opposite tbc same points in the ecliptic, to I 
which it might be referred froia the cen-1 
tre of the Sun. The difference of the mo-«' I 
lion of Mars and the Earth makes thriJ 
planet correspond to different points of tb«d 



344 

IwBTenB, in its suGcetuYe opposifiond ; by 
comparing then a great number of obserr- 
ed oppositions^ the law which exists be- 
tween the time and the angular motions of 
Mars round the Snn may be discotered ; 
this motion is called heliocentric.' Ana<* 
lysis ofiers for this purpose several me- 
thodsj which become simple in the preseiit 
case from the consideration that as the 
principal inequalities of Mars become the 
same at each of its sidereal reyolutions, 
their siim- may be expressed by a rapidly- 
converging series of the sines of the an- 
gles multiplied by its mean motion^ the 
co-efficients of which series it is easy to 
obtain^ by means of some select obserra* 
tion« The law of the radius vector of 
Mars may be obtained by comparing the 
observations of this planet towards the 
quadratures^ or when^ being about * 100^ 
of the SuD^ this radius subtends the great- 
est angle. In the triadgle formed by the 
right lines which join the centres of the 
Earthy the Sun and Mars^ the angle at tfaie 

r 
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taw of the heliocentric motion of Marj 
gives the angle at the Sua, and the radius 
vector of Mats may be concluded ia parti J 
of that of the Earthy which is itself giveitl 
in [)arte of the mean distance of the Gartbfl 
fcom the Sun. The coniparisoii of a great 1 
Dumber of the radii vectorea thus detci^l 
Qtioed, will give the lavr of their variation^ I 
corresponding to angles vrbich they forifi I 
vith an invariable right line, and tbv I 
figure of the orbit may be traced. I 

It was by a similar method that Kepler I 
discovered the elongation and excentricitjlfl 
of the orbit of Mars : be conceived thtf'l 
fortunate idea of comparing its figur^l 
with that of the ellipse, placing the Sun I 
in one of the foci, and the numerous ob-< 1 
serrations of Tycho, exactly represented I 
in the hypothesis of an elliptic orbit, left J 
DO doubt concerning the truth of this hy* I 
pothesis. ' I 

That extremity of the greater axis which I 

IB Dearest to the Sun is called the peribeli-* I 

09, and that which is farthest the aphelioiu J 

Esrth ii given directly by observation, tMfl 

m3 ■ -mI 
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It is in the iierihelion that thp- angular ve^ 
locity of Mars round the Sim is tlic greats 
est; it diminishes as the radius vector aug- 
raents, and is the least at the apheliOD : 
comparing this velocity with the powers 
of the radius vector^ Kepler found that it 
is proportionate to its square : sothatj the 
product of the daily heliocentric motion of 
Mars by the square of its radius vector is 
always the same. 

This product is the double of the small 
sector which this radius describes every 
day about the Sun : the area then which it 
describes, departing from an invariable 
line passing through the centre of the Sun, 
increases as the number of days passed 
since the epoch when the planet was upon 
this tine. This is what Kepler announced, 
in establishing that the areas described hj 
the radius vector of Mara are proportiontfl 
to the time. ^M 

These laws of the motion of Mars ate 
the same with those of the apparent motioo 
of the Sun, which have been developed in 
the second Chapter of the first Book ; thej 
therefore apply equally to the Earth* It 




Was natural to extend tliem to the other - 
planets. 

Kepler then establtslied as the funda- 
mental laws of the motions of these bodieSj 
the two following ones, which all observa- 
tions have confirmed. 

The flanttary orbits are ellipses, of 
which the centre of the Sun occupies one of 
the foci. 

The areas described round this centre 
hy the radii vectores of the planets are 
proportionate to the time employed to de- 
scribe them. 

These laws are sufficient to determine 
the motions of the planets round the Sun. 
But it is necessary to know for each of 
them, seven quantities, which are called 
elements of the elliptic motion. Five of 
these elements, relative to the motion of 
the ellipse, are, first, the duration of the 
sidereal revolution; second, half the great- 
er axis of the orbit, or the mean distance 
of the planet from the Sun ; third, the ex-' 
ccntricity from which the greatest equation 
of the centre is derived; fourth, the mean 
M 4 




loofjitmle of the planet at any given epoeli ; 
fifth, the longitude of the perihelion at 
the same epoch. The two other elements 
relate to the positioo of the orbit> and are, 
6rfrt, the longitude at a given epoch, the 
nodes of the orbit, or the points of inter- 
section with a plane, which is usually sap- 
posed to be that of the ecliptic; second, 
the inclination of the orbit to this plane. 
There are then forty-nine elements to de- 
termine for the entire system of the known 
planets. The following table presents all 
these elements for the beginning of 1750, 
, The inspection of this table shewB m, 
that the duration of the planetary revolu- 
tions, increase with their mean distances 
from the Sun : this made Kepler suspect 
that they were related to these distances by 
some proportion, which he proposed to 
discover. After a great number of trials 
continued through seventeen years, he at 
last found that the squares of the times of 
the planetary revolutions, are to each 
other as the cubes of the greater axes < 
their orbilS' 



S49 

Sucb are the laws of the mAiioa »f the 
plftoeta; fuDdamental laws which have 
given a new aspect to astronomy, and have 
kd to the discovery of universal gravita- 
tion. 

The planetary ellipses arenotunaUerable. 
Their greater axes appear to be always the 
same; but their excentricities, their incli- 
nations to a fixed plane, the position of 
their nodes and of their perihelia are sub- 
ject to variations, which appear up to the 
present time to have inereased proportional 
to the times. These variations only be- 
coming sensible through the kpse of age^ 
have been called secular inequalities. Thero 
is no doubt of their existence, but modern 
observations not being sufficiently distant 
from each othefj and ancient observatiooi' 
not being sufficiently exact, to ascertain 
them with precision, there remains yet a ■ 
great incertitude regarding their quantity. 
The following tables offer values which- 
appear to satisfy most correctly the maw > I 
of these observations. 

Periodical ioequatities have been like-: 
M 5 
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wiid remarked, which difCurb the elliptic 
motions of the planets : that of the Son 
is a little altered, as has been seen in the. 
preceding Book, but these inequalities are 
principalljf sensible in the two largest pla* 
nets, Jupiter and Saturn. Comparing 
modem obsenrations with the. ancient, as- 
tronomers have remarked a. diminution in 
the duration of Jupiter's revoluttoo, and 
an increase in that of Saturn. Modern, 
observations compared with each other 
give a contrary result^ which seems to^ 
indicate great inequalities in the motions 
qf these planets, tbe periods of which are 
very long. Even in this century the du*. 
ration of Saturn's revolution has appeared: 
different^ following the points of. the 
orbit from which the departure of the. 
planet has been fixed ; its returns to 
the vernal equinox have been more rapid 
than to the autumnal. Finally^ Jupi-: 
ter and Saturn experience inequalities 
which amount to many minutes^ and which, 
appear to depend on the situation of these 
planets^ whether among themselves or 
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with relation to their perihelia. Thus 
every thing announces that in the plane- 
tary system^ independent of the principal 
cause which makes the planets move round 
the Sun in elliptic orbits^ there exist parti- 
cular causes which disturb their move* 
ments; and which alter at length the 
elements of their ellipses. 
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TABLE 

op THSJ&IiUFTIC MOTIONS OF THE FiAl^JSTS. 



Duration of their lideraal revoltitioD. 



Days. 

Mercurj • 87.960255 


yn. d«yf. 
87 


hrt. 
23 


1ft 


KC. 

44 





Venuf • M4.700817 


224 


16 


49 


11 





The Earth 365.356884 


1 


6 


9 


8 





liars • 686.979579 


1 321 


23 


30 


35 


6 


Jupiter • 4332.603208 


11 317 


14 


27 


10 


7 


Satam . 10759.077213 


29 174 


1 


51 


11 


2 


Uranm . 30689.000000 


84 29 















Semi major axes of tbeir orbits^ or their 
loeaii distances. 



Mercury • 


0.387100 


Yenui 


0.723332 


The Earth 


1.000000 


Mars 


1.523693 


Jupiter 


5.202592 


Saturm • 


9.540724 


Uratius • 


19.183620 



Proportion of ih# eccentricity of the 



aes 



semi major axes^ 


for the beginniD^ of tlie 


year 1750. 




Mercury 


0.205513 


Tennt 


0.00688S 


The Earth 


0.016814 


Mars 


0.093808 


Jopiter 


0.048877 


Saturn 


o.osens 


Vraous 


0.046683 



The secular variations of this propor 
tion. (The sign — indicates a diminution.) 

Mercury . • 0.00000336P 

Yeiiiis . . —0.00006^905 

The Earth ^ . —0.000045572 

Mars . . 000090685 

. Jopiter . . 0,000134245 

Satum • . --O.000361553 

llramis . . •^0.000026238 

The mean longitudes at the commence- 
ment of 1750. These longitudes are r^c- 
l^ned from the. mean vernal equinox at 
the epoch of the 31st December^ n49i 
at noon^ mean time at Paris. 

deg. deg, min. tec. 

Merisury ; 281.3194 253 II U 9 

Veani « 31.4963 46 20 48 
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The Earth 


deg. 
311.1918 


d^. nun. svcst- • 
980 34 5 


Man 


94.4210 


91 5S 49 9 


Jupiter 


4.1801 


3 49 99 


Saturn • 


957.0438 


931 to 91 9 


Uranoi 


353.9610 


998 33 53 6 


Longitudes of the perihelion at the be- 
ginning of 1750. 

deg. deg. min. fee. 
Mercurx 81.7401 73 33 57 9 


Venus 


141.9759 


197 46 41 9 


The Earth 


309.5790 


978 37 15 9 


Mars 


368.3005 


331 98 13 6 


Jupiter 


11.5019 


10 91 3*8 


Saturn 


97 9466 


88 9 6 9 


Uranus 


185.1269 


166 36 48 8 



The sidereal and secular motion of the 
perihelion^ (the sign — indicates a retro- 
grade motion. ) 





sec. 


miiu 


sec* 




Mercury 


1735.50 


9 


99 


3 


Venus 


—699.07 


' 3 


46 


4 


The Earth 


3671.63 


19 


49 


6 


Mars 


4864.57 


96 


6 


4 


Jupiter 


2030.95 


10 


57 


8 


Saturn • 


4967.64 


26 


49 


6 


Uranus 


759.85 


4 


6 


1 
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The inclinatioQ of the orbit to the eclip* 
tic at the beginning of 1750, 



• 


^eg. 


ieg. inin.sec. 


Mercurjr 


7.7778 . 


7 


Yenni 


3.7701 


3 23 35 


The Earth 


0.0000 





Man 


2.0556 


1 51 


Jupiter 


1.4636 


1 19 2 


Satorn 


2.7762 


2 29 54 


Uraoui 


O.B599 


46 26 



The secular variation of the inclination 
to the true ecliptic. 





sec.- 


sec. 




Mercurj 


55 09 


17 


50 


Veous 


13.80 


4 


47 


The Earth 


0.00 








Man 


—4.45 


—1 


4 


Jupiter 


—67.40 


—21 


8 


Saturn • 


—47.87 


— 15 


5 


Unums • 


9.38 


3 






Longitude of the ascending node upon 
the ecliptic at the beginning of 1750. 

dtg. 

Mercury • 50.3836 

Venus . 12.7093 . 



deg. 


inin 


see. 


45 


20 


42 8 


74 


26 


18 



256 



Tfte Earth ^ 


deg. 

0.0000 





Biin. 



tffC 







Man 


5^9877 


4f 


as 


98 





Japiler 


108.8061 


P7 


55 


33 





Saturn 


19S.03t7 


111 


n 


11 


• 


Uranus 


80.7015 


74 


S7 


it 


8 



The sidereal and secular motion of tlw 
node upon the true ecliptic. 



Mercury 

Venus 

TheEartb 

Mars 

Jupiter 

Saturn 

Uranus 



sec. 
—1332.90 
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CHAP. VI. 

Of the ligures of the Orbits of Comets, and of the 
Laws of their Motion round the Sun. 

Xhb Sua hemg the focus of the pluietary 
Mbiis, it is natural to suppose it equally^ 
tfiai of the orbits of comets. But these 
cekatial bodies disappear after haying 
Vaen Titible some mcmths ; their orbits in- 
stead of being nearly circular^ like those 
«f the planets^ are very excentric^ and the 
Sun is extremely near to that part in which 
they are yisible. The ellipse^ by the infi- 
BJIf varieties which it admits of from the 
circle to the parabola may suit these dif- 
fiunent orbits. Analogy leads us tiien to 
suppose that comets moTe in elliptic orbits 
of which the Sun occupies one of the foci, 
and to consider them as following the same 
laws with the planets, so that the areas 
described by their radii vectores are equal 
in equal times. 
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It is almost impossible to know the dO" 
ration of the revolution of a cornet^ and 
consequently the greater axis of its orbits 
by the observation of only one of its ap- 
pearances ; the area which its radius vector 
describes in a given time cannot then ht 
determined rigorously. But it should be 
considered that the small portion of the 
ellipse described by the comet during iti 
appearance may be supposed to coincide 
with a parabola^ and thus its motion dnr-' 
iog a short interval may be calculated a» 
if it was parabolical. . ' 

According to the laws of Kepler^ the' 
sectors described in the same time by tw6^ 
planets^ are to each other as the areas of 
their ellipses divided by the squares of the 
times of the revolution^ and these squares* 
are as the cubes of their semi-ma^or axes^ 
It is easy to conclude that if we imagine a- 
planet moving in a circular orbits of which 
the radius is equal to the perihelion dis« 
tance of a cornet^ the sector described by 
the radius vector of the comet will be to' 
the corresponding sector described by th# 
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radius Tector of the planet, as the square 
root of the aphelion distance of the comet 
is to the square root of the semi-major 
axis of its orbit, a relation which, when 
the ellipse changes to a parabola, becomes 
that of the square root of two to unity. 

The relation of the sector of the comet 
to that of the imaginary planet is thus ob- 
tained, and it is easy by what has been al- 
ready said, to get the proportion of this 
last sector, to that which the radius vector 
of the Earth describes in the same time. 
The area described by the radius vector 
of the comet may then be determined for 
my instant whatever, setting out from 
the moment of its passage through the 
perihelion, and its position may be fixed 
in the parabola which it is supposed to 
describe. 

Nothing more is necessary but to de- 
duce from observation the elements of the 
parabolic motion, that is to say, the peri- 
helioQ distance of the comet, the position 
of the perihelion, the instant of its passage 
through the perihelion, the inclination of 
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its orbit to the ecliptic^ and the potitien 
of its nodes. The investigation of these 
five elements presents much greater difll- 
culties than that of the elements of the 
planets, which being always visible^ and 
haying been observed during a long sae« 
cession of years may be compared when in 
the most favourable position for detev* 
mining these elements^ instead of wbidi 
comets only appear for a very short time# 
and frequently in circumBtancet ^mbmn 
their apparent motion is rendered "nif 
complicated, by the real motion of the 
Earth, which alvrays carries us in a CM^ 
trary direction. 

Notwithstanding all these difficulties^ it 
is possible to determine the elemOnts of 
the orbits of comets by different me- 
thods. Three complete observations are 
more than sufficient for this obgect; 
others only serve to confirm the aceu* 
racy of these elements, and the truth 
of the theory which we have just explain* 
ed. Above four and twenty comets, the 
nuinerous observations of which are exactly 
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represented by this theory^ have confirmed 
it beyond all doubt. 

It appears therefore that comets which 
lutTe been considered as meteors for many 
years^ are of the same nature as planets ; 
their motions and their returns are regu- 
lated by the same laws as planetary mo^ 
tions. 

Let us observe here how the true system 
of nature^ as it is developed^ becomes more 
and more confirmed. 

The simplicity of the celestial pheno- 
mena on the supposition of the Earth's 
motion^ compared to their extreme com- 
plication^ on that of its being stationary, 
renders the first of these suppositions ex- 
tremely probable. The laws of elliptic 
motion then common to the planets and 
the Earthy augment this probability^ 
which becomes yet greater from the mo- 
tion of comets, subjected by this hypo- 
thesis < to the same laws. 

Comets do not always move in the 
same direction like the planets. . The 
real motion of some is direct^ of others 



retrograde. The inclination of their or- 
bits is not confined within a narrow zone« 
like that of the planetary orbits; thejr 
present every variety of inclination^ from 
an orbit coincident with the plane of the 
ecliptic^ to that perpendicular to it. 

A comet is recognized when it reappears 
by the identity of the elements of its orbit 
with those of the orbit of a comet alreadj 
observed. If its perihelion distance, the 
position of its perihelion, its nodes, and 
the inclination of it^ orbit are very nearly 
the same, it is probable that the comet 
which appears is that which had been ob- 
served before, and which, having receded 
to such a distance as to be invisible, returns 
to that part of its orbit nearest to the Sun. 
The duration of the revolution of comets 
being very long« and having been observed 
with very little care, till within about two 
centuries ; the period of the revolution of 
one comet only is known with certainty, 
that of 1682, which had been already ob- 
served in 1607 and 1&3I, and which has 
reappeared in 1759. This comet takes 
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about 76 years to return to i(s pterihelion ; 
therefore taking the mean distance of the 
Sun from the Earth as unity^ the greater 
axis of its orbit is 35.9, and as its perihe- 
lion distance is only 0.58^ it recedes from 
the Sun at least thirty-five times more 
than the Earthy describing a very excentric 
ellipsq. Its return to the perihelion has 
been longer by thirteen months from 1531 
fo 1607^ than from 1607 to 16S2; it has 
been eighteen months shorter from 1607 to 
1682, than from 1682 to 1759. It appears 
then that causes similar to those which 
jilter the elliptic motion of the planets^ 
disturb that of comets in a yet more per- 
ceptible manner. 

The return of some other comets has 
been suspected : the most probable of 
these returns was that of the comet of 
1532, which has been believed to be 
the same with that of 1661, and the revo- 
lution of which was fixed at 129 years ; 
but this comet not having reappear- 
ed in 1790, as was expected, there is 
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great reaMm to beliere that these ivMi eo** 
mets were not the samei Thia ought Ha 
render us very eireunispect in proaouncing 
on the identity of two observed comets* 
Let us try to calculate the probability of 
this identity when the elements are b little 
different. 

Suppose the difference to be only a de^ 
gree in the inclination of the orbit^ and ia 
the places of the ascending node and peri« 
helion, and a hundredth of a degree in the 
perihelion distance^ the mean distance of 
the Sun and Earth being taken as unity : 
suppose again^ that the errors of the ele- 
ments deduced from observation^ and the 
alteration which these elements might ex* 
perience in the interval of two appearances 
of the comet be included within these 
limits^ so that nothing should hinder us 
from considering the two comets as the 
same. 

The inclination of the orbit of a new 
comet to the ecliptic may vary from zero 
to the semi circumference but above one 
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hundred* degrees of inclination the motion 
changes its direction ; • thus^ whether the 
itaotion be direct or retrograde^ may be 
indicated by the inclination alone ; the 
probability that the inclination of the or- 
bit of a new comet should not separate 
more than a degree from the orbit of a 
preceding one^ is then equal to' 7^. 
The position of the ascending node of 
ft comet may vary from zero to f 400**^ 
the probability then that it should not dif- 
fer more than a degree from that of the 
node of a comet observed before^ is there- 
fore ^^r 

In a similar manner the probability that 
the position of the perihelion of a new 
comet should not differ more than a degree 
from that of a former one, is t-^-?. We 
shall suppose that the perihelion distance 
may equally vary in the interval compris- 
ed between zero and 1.5, Comets have in 
fact been seen, the perihelion distance of 
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^vh'ich has surpassed 1.5 ; but these casesl 
are sufficiently rare for us to dispense ipirith 
any attention to them in this trial of calcu- 
lation^ as a greater perihelion distance 
almost always renders the comet invisible. 
The probability that the perihelion dis- 
tance of a new comet should not differ 
more than one hundredth of a degree from 
the perihelion distance of a comet formerly 
observed, will then be nearly ts^t. Thus 
the probability that the elements of a new 
comet should not differ from those of a 
preceding comet beyond these limits, will 
be the product of the four numbers, -5^* 
T^. Ts^. Ti^j and consequently will be 
equal to a fraction, the numerator of which 
being unity, the denominator is equal three 
hundred millions. 

The theory of chances gives the follow- 
ing rule to know the probability of a new 
comet being the same with one observed 
before : multiply this fraction by the num- 
ber of comets visible, and not yet observed, 
augmented by unity ; divide unity by this 
product plus one, the quotient will be the 
probability sought. 




If the limits of the errors of the elements 
deduced from observation arc greater than 
the preceding, instead of the fraction 
one divided by three hundred millions, the 
product of this fraction by that of four 
numbers, which express how often each 
limit contains the preceding supposed li- 
mit, must be employed. 

The number of comets visible and not 
yet observed being unknown, it is impos- 
sible to calculate the probability we are 
now considering, nevertheless we may be- 
lieve that they do not exceed a miilion. 
Supposing it equal to this quantity, there 
are 300 to one, that a comet, the elements 
of which do not differ from those of one 
formerly observed more than the preceding 
quantities, is the same. Comparing thus 
the elements of the comets of 1607 and 
1682, Ilalley was able to announce, 
with a probability equal to ;^ - g - ° -. that 
they were the same, and that it would re- 
appear towards the middle of this century. 
The fear of being deceived, though very 
v2 
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•nialL almost vanished when he recognized 
nearly the elements of this comet in that 
observed in 1 531 ^and it has totallydisappear* 
ed to us who have seen the comet in 1759. 
But it is not thus with the comet of 
1532 ; its elements have been determined 
upon the observation of Appian and Fru«- 
castor^ and their observations are so inacr* 
curate that they leave an uncertainty of 
MP upon the situation of the nades^ of 
flO® upon its inclination^ of X9&^ on the 
position of its perihelion^ and of §0.2S5 
upon its perihelion distance. It. is ne« 
cessary therefore to multiply the fraction 
unity divided by three hundred millions, 
by the product 41. 10.23. 17, which reduces 
it to 0.000517; supposing then that there 
are yet a thousand comets visible and not 
yet observed^ which is not improbable^ 
the probability that the two comets of 
1532 and 1661 are the same would be -f, a 
probability much too small to pronounce 
their identity. Therefore we ought not 

♦ 36** 54'. +9% t 19** 48'. 
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to be surprised that this comet has not 
reappeared in these last years. 

The nebulosity with \vhich these comets 
are almost always surrounded^ seems to be 
formed by the vapours which the solar 
htat raises on their surface. It is imag^n* 
ed that the great heat which they expe- 
rience towards their perihelion^ rarifies 
the particles which have been congeiiled by 
the excessive cold of the aphelion. 
• It appears also that the trains of comets 
we only these vapours elevated to a con- 
siderable height by this rarefaction^ com- 
bined^ either with the solar rays^ or with 
the dissolution of those vapours in the 
fluid which reflects the zodiacal light to 
lu. This seems to result from the direc- 
tion of their trains^ which are always be- 
yond the cornet^ relatively to the Sun^ and 
which only becoming visible near their pe- 
rihelion^ are not at a maximum till after^ 
their passage through this pointy when 
the heat communicated to the comet by 
the Sun^ is encreased by its duration^ and 
by the proximity to this luminary. 

n3 
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CHAP. VII. 

0/the Laws of the Motion of SatcUitei round 

their Planets. 

W^ haye explained in the Sixth Chap-^ 
ter of the preceding Book^ the laws of the 
inotion of the Earth's satellite and of its 
principal irregularities. It now remains 
to consider those of the motion of the Sa- 
tellites of Jupiter and Saturn. 

If the semidiameter of the equator of 
Jupiter^ supposed *60^^185at themean dis- 
tance of the planet from the Sun^ betaken 
as unity^ the mean distance of its satellites 
from its centre will be nearly : 



I. Satellite . 


. 5.697300 


II. Satellite . 


. 9.065898 


III. Satellite . 


. 14.461628 


IV. Satellite . 


. 25.436000 



♦ 19.^^5 
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The duration of their siderial revolu- 
tions are : 

J. Days. hi's. min. sec. 

L Satellite 1.769137787069931 1 18 27 30 

If. Satellite 3.551181016734509 3 13 13 43 

III. Satellite 7.154552807541524 7 3 42 28 

IV. Satellite 16.689019396008634 16 16 32 9 

Thesjnodical revolutions of these satel- 
lites, or the intervals of the return of their 
mean conjunctions with Jupiter^ may be 
easily concluded from the duration of their 
sidereal revolutions^ and that of the side- 
real revolution of Jupiter. 

At the beginning of 1700^ the mean 
longitudes of the satellites were : 

Deg. Deg. min. sec. 

I. Satellite . 85.8491 '77 15 51 

II. Satellite . 83.5827 75 18 17.9 

III. Satellite . 182.4495 161 12 10.3 

IV. Satellite . 253.1545 23 50 20.5 

Comparing the distances of the four sa- 
tellites of Jupiter^ with the duration of 
their revolution^ the same beautiful pro- 
portion has been observed between these 

K 4 
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quaotitiesj that exists between the mean 
distances of the planets from the Sun^ and 
the duration of their revolutions^ that is to 
saj^ the sqiuires of the times of the side^ 
real revolutions of the satellites are to 
each other, as the ctibes of their mean dis* 
tancesfrom Jupiter. 

The frequent eclipses of the satellites 
have furnished astronomers with the means 
of ascertaining their motions with a preci- 
sion that could not haye been expected 
from the observation of tiieir distance 
from Jupiter. They have produced the 
following results : 

The ellipticity of the orbit of the firs^ 
satellite is insensible^ its plane coincides 
nearly with that of the equator of Jupiter, 
the inclination of which to the orbit of 
the planet is *4.'*4444f. 

The ellipticity of the orbit of the second 
satellite is equally insensible. Its inclina- 
tion to the orbit of Jupiter varies as well 

■ III ■ ■ !■ IIWI ■ ■ II . • • -" •" 
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M the position of its nodes. All these 
variations are represented nearly by Hup* 
posing the orbit of the satellite inclined 
about * blS%" to the equator of Jupiter, 
and giving to its nodes a retrograde mo- 
tion on this plane, the period of which is 
about thirty Julian years. 

A slight ellipticity is observable in the 
orbit of the third satellite. The extre- 
mity of its greater axis nearest to Jupiter, 
and which is called perijove, has a direct 
motion, and the excentricity of the orbit 
appears subject to very perceptible altera- 
tions. Towards the end of the lairt cen«' 
tury, the equation of the centre was at 
its maximum, which amounts to nearly 
f 266\", it afterwards diminished, and to- 
wards 17T5 was at itft minimum, about 
^759''. The inclination of the orbit of 
this satellite to that of Jupiter, and th^ 
position of its nodes, are variable* These 
variations may be nearly represented by 

• 27' 68" 9. t 14' M" 1. J * *'• 9. 
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tnpposing the orbit inclined about ^924i¥ 
to the equator of Jupiter, and assigning 
to its nodes a retrograde motion dn the 
plane of this equator, in a period of 137 
jears. 

The orbit of the fourth satellite has a 
Tery sensible ellipticity, its perigee has a 
direct motion of about t7852^ This 
X 872^ to the orbit of Jupiter. It is in 
consequence of this inclination that the 
fourth satellite frequently passes behind 
the planet relatively to the Sun without 
being eclipsed. Since the discovery of the 
satellites^ till 1760, its inclination has ap- 
peared constant^ but it has augmented by a 
sensible quantity in these later years. We 
intend to return to these irregularities^ 
when we shall explain their cause. 

Independent of these variations the mo- 
tions of the satellites of Jupiter are sub- 
ject to inequalities which disturb their 
elliptic motions^ and which render their 

*12'7". +42'W'. Jl'28"l. 
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theory extremely complicated. These are 
principally sensible in the three first Batel- 
lites, the motions of which present very 
remarkable relations. 

Their mean motions are such that 
the motion of the first satellite plus twice 
that of the third, is nearly equal to three 
times the mean motion of the second satel- 
lite. The same proportion exists between 
their mean synodical motions ; for the syno- 
dical motion being nothing more than the 
excess of the sidereal motion of a satellite 
above that of Jupiter, if we substitute 
the syiiodicEiI instead of the mean motion, 
in the preceding equality, the mean mo- 
tion of Jupiter disappears^ and the equa- 
lity remains the same. 

The mean longitudes, whether aynodical 
or sidereal, of the three first satellites seen 
from the centre of Jupiter, are such that 
the motion of the first satellite mm«5 three 
times that of the second, plus twice that 
of the third, is nearly equal to the semi- 
circumference. This equality is so near, 
that we are tempted to consider it as ri- 
n6 
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gorous^ and to reject as errors of obser- 
vation, those yery small quantities by 
which they differ from it. We may at 
least be assured that it will continue 
through a long succession of ages> from 
which it results that from this time to an 
immense number of years, the three first 
satellites of Jupiter cannot be eclipsed at 
the same time. 

The periods and thelawsof the principal 
inequalities of these satellites are the same. 
The inequality of the first advances or re- 
tards its eclipses ^233'' in time, at its maxi- 
mum. Comparing it motion with the re- 
spective positions of the two first satellites^ 
it has been found that it disappears when 
these satellites^ seen from the centre of the 
planet^ are in opposition to the Sun at the 
same time ; that it afterwards increases, 
and is the greatest possible when the first 
satellite^ at the moment of its opposition, 
is f 50^ more advanced than the second : 
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that it 18 again aanihilated when it is 
more advanced by *]00°; beyond this^ it 
takes a contrary sign, and retards the 
eclipses^ it augments to f 150° distance be* 
tween the satellites^ where it is at its ne- 
gative maximum ; it then diminishes and 
disappears at ^ ^^ distance : and that 
finally in the second half of its circumfer- 
ence it follows the same laws as in the 
first. It has been concluded from this that 
there exists in the motion of the first sa- 
tellite of Jupiter an inequality of § b2bS" 
at its maximum^ and proportional to the 
sine of double the excess of the mean 
longitude of the first satellite above that 
of thq second ; an excess equal to the 
difference of the mean synodical longitudes 
of the two satellites. The period of this 
inequality is not four days. But how^ in 
the eclipses of the first satellite^ does it 
transform itself into a period of || 437^ 75 ? 
This is what we are going to explain. 



* »Cr. + ISS". + 180\ § 28' 2". B 437* 18\ 
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Let U8 suppose that the two first sateV- 
lites set out together^ from their mean op-* 
positions to the Sun. At every circum- 
ference which the first satellite describes 
in consequence of its mean sjnodical mo- 
tion^ it will be in the mean opposition. If 
we imagine a fictitious star^ whose angu- 
lar motion may be equal to the excess of 
the mean synodical motion of the first sa- 
tellite^ above twice that of the second. 
Then twice the difference of the mean sy- 
nodical motions of the two satellites will 
be^ in the eclipses of the firsts equal to the 
multiple of its circumference plus the 
motion of the fictitious star. The sine of 
this last motion will be then proportional 
to the inequality of the first satellite in its 
eclipses and may represent it. Its period 
is equal to the duration of the motion of 
the fictitious star^ a duration which from 
the mean synodical motions of the two sa- 
tellites is 437.^75. It is thus determined 
with greater precision than by direct ob- 
servation. 

The inequality of the second satellite 
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follows a law similar to that of the firsts 
with this differeace^ that it has always a 
contrary sign. It accelerates or retards 
the eclipses * 1059'' in time at its maxi- 
mum. Comparing it with the respective 
positions of the two first satellites^ it is 
observed that it disappears when they are 
at the same time in opposition to the Sun. 
That it then retards more and more the 
eclipses of the second satellite^ till the 
two satellites are separated 100° from each 
other at the instant of these phenomena ; 
that this retardation diminishes and be- 
comes nothing when the mutual distance 
of ' the two satellites is 200^ : finally, 
that beyond this term, the eclipses ad- 
vance in the same manner as they before 
retarded. It has been concluded from 
these observations that an inequality of 
* 11923'' at its maximum exists in the mo- 
tion of the second satellite, proportional 
(but affected by a contrary sign), to the 
sine of the excess of the mean longitude 

♦ 3' 43". + V 4' 23", 
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of the first satellite above that of the se- 
cond^ an excess equal to the differeDce 
of the mean synod ical motions of the two 
satellites. 

If the two satellites set out together,* 
from their mean opposition to the Sud^ 
the second satellite will be in its mean op« 
position at each circumference which it 
will describe in consequence of its mean 
sjnodical motion. If we conceive^ as be- 
fore^ a star whose angular motion may 
be equal to the excess of the mean synodi- 
cal motion of the first satellite above twice 
that of the second^ then the difference of 
the synod ical motion of the two satellites 
}^ill be, in the eclipses of the second^ equal 
to a multiple of its circumference plus the 
motion of the fictitious star. The inequa- 
lity of the second satellite^ in iis eclipses^ 
will be then proportional to the sine ofthe 
motion of this imaginary star. We thus 
see the reason why the period and the law 
of this irregularity are the same as those 
of the inequality of the first satellite. 

The influence of the first satellite upon 
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the inequality of the secoad^ is very pro- 
bable : but if the third satellite produced 
in the motion of the second^ an inequality 
similar to that which the second seems to 
produce in the motion of the firsts that is 
to say, proportional to the sine of double 
the difference of the mean longitudes of 
the second and third satellites ; this new 
inequality would confound itself with that 
which is due to the first satellite ; for in 
consequence of the relation which the 
longitudes of the three first satellites have 
to each other, and which we have described 
•before, the difference of the mean longitudes 
of the two first satellites is equal to the 
aemi-circumference plus double the differ- 
ence of the mean longitudes of the second 
and third satellites ; so that the sine of the 
first difference is the same with the sine of 
double the second difference with a con-> 
trary sign. The inequality produced by 
the third satellite in the motion of the se« 
cond would therefore have the same sign, 
and follow the same law, as the inequality 
obseryed in this motion ; it is therefore rery 
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probable that this inequality is the result 
of two inequalities dependent on the first 
and third satellites. If bj the succession 
of ages the relation between the mean Ion*- 
gitudes of these three satellites should 
cease to exists these two inequalities^ at 
present confounded^ would separate^ and 
their respective value might be known. 
But according to observation this rela^ 
tion should subsist for a very long period^ 
and we shall see in the fourth Book that 
it is rigorously exact. 

Finally the inequality relating to the 
third satellite in its eclipses^ cjompared' 
with the respective positions of the second 
and third satellites, olSfers the same proper^ 
tion as the inequality of the second com- 
pared with the respective positions of the 
two first satellites. There exists then in the 
motion of the third satellite^ an inequality 
proportional to the sine of the excess of 
the mean longitude of the second satellite 
above that of the thirds which inequality 
at its maximum is *827". 
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If we suppose a star \vhose angular mo* 
tion may be equal to the excess of the 
m^ao synodical motion of the second sa« 
tellite above twice the mean synodical 
motion of the thirds the inequality of the 
third satellite willbe> in its eclipses^ pro- 
portional to the sine of the motion of this 
fictitious star. Now in consequence of 
the proportion which exists between 
the mean longitudes^ the sine of this mo- 
tion is^ exclusive of the sigd^ the same 
with the motion of the first fictitious star 
vrhich we considered. Thus the inequa- 
lity of the third satellite^ in its eclipses^ 
lias the same period^ and follows the same 
laws* as the inequalities of the two fir^t 
satellites. 

Such is the motion of the principal in- 
equalities of the three first satellites of 
Jupiter^ which Bradley seems to have 
sospected, and which Wargentin has 
since investigated with the greatest accu- 
racy. 

Their correspondence and that of their 
mean motions and longitudes^ seem to 
form a separate system of these three bo- 
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dies^ animated by common forces^ and 
united by common proportions. 

Let us now consider tbe satellites of Sa- 
turn. If tbe semi-diameter of tbis planet 
seen at its mean distance from tbe Sun be 
taken as unity^ tbe distances of the satel* 
lites from its centre >vill be as follows : 



I. 


3.080 


II. 


S.Sbi 


III. 


4.893 


IV. 


0.M8 


V. 


8.754 


VI. 


• 20.S9S 


VII. 


• 50.154 



Tbe durations of their sidereal revolu- 
tions are : 





J. 


Days. 


brs. 


min. 


tec. 


I. 


0.94271 





32 


37 


30 


11. 


I.S7024 


1 


8 


53 


5.8 


HI. 


1.88780 


1 


21 


18 


25.9 


IV. 


2.73948 


2 


17 


44 


36.6 


V. 


4.31749 


4 


12 


25 


11 


VL 


15.9453 


15 


22 


41 


13.9 


VII. 


- 79.3296 


19 


7 


54 


27 



Comparing the durations of the revo- 
lutions of these satellites^ at their mean 
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distances from the centre of Saturn^ vre 
again find the beautiful proportion dis- 
covered by Kepler, relative to the planets, 
and which we have seen exist in the satel- 
lites of Jupiter, that is to say, that the 
squares of the times of the revolutions of 
Saturn's satellites are to each other, as the 
cubes of their mean distances from the 
centre of this planet. 

The great distance of the satellites of 
Saturn and the difficulty of observing 
their positions, has not permitted us to 
discover the ellipticity of their orbits, 
and still less the inequalities to which 
their motions are subject; nevertheless 
the ellipticity of the orbit of the sixth sa- 
tellite is perceptible. 

If we take for unity the semi-diameter 
of Uranus supposed * 6" seen at the mean 
distance of the planet from the Sun, the 
distances of its satellites will be : 

I. . 13.120 
II. . 17.022 
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IlL - 19.845 

IV. . 22.752 

V. - 45.507 

VI. - 9 J. 008 

The durations of their sidereal reyolu- 



tions are : 












I. 


J. 

5.8926 


Days. 
5 


hrs. 
21 


min. 
25 


sec 

20 


11. 


8.7068 


8 


16 


57 


47 


111. 


10.9611 


10 


23 


2 


47 


IV. 


13.4659 


13 


10 


56 


29 


V. 


38.0750 


38 


1 


48 





VI. . 


107.6944 


107 


16 


39 


56 



These durations^ with the exception of 
the second and fourth^ have been conclud- 
ed from the greatest observed elongations^ 
and from the hypothesis that the squares 
of the sidereal revolutions of the satellites 
are as the cubes of their mean distances 
from the centre of the planet : an hypo- 
thesis vf^hich observation has confirmed re- 
garding the second and fourth satellites of 
Uranus^ so that it should be considered as 
a general law of the motion of a system of 
bodies round a common focus. 
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In the mean time what are the princi' 
pal forces which retain the planets^ sa- 
tellites^ and comets in their respective 
orbits ? What particular forces disturb 
their elliptic motions ? What cause pro- 
duces the retrograde motion of the equi- 
noxes ? and mo?es the axes of rotation of 
the Earth and Moon ? By what forces 
finally, are the waters of the ocean raised 
twice a day ? The supposition of one sole 
principle on which all these elSfects depend, 
is worthy of the simplicity of nature. 

The generality of the laws which the 
celestial motions present, seem to indicate 
its existence. Already even we may sus-^ 
pect this principle in the relation of these 
phenomena with the respective position 
of the bodies in the solar system. But 
to bring it forward with evidence the laws 
of the motion of matter must be known. 
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TH£ 

SYSTEM OF THE WORLD. 



BOOK III. 

OF THE LAWS OF MOTION/ 



Surrounded by an iofioite number eS 
pbenomena wbich continuall j succeed eaeh 
other on the Earthy philosophers baye 
succeeded in discovering the small num« 
bcr of general laws to which the motions 
of matter are subject. To them all nature 
is obedient ; and every thing is derived 
from them as necessarily as the returns of 
the seasons ; the curve described by the 
lightest atom that seems carried about by 
the winds as chance directs^ is regulated 
by laws as certain as the planetary orbs. 
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The importance of these laws^ on which 
we never cease to depend^ ought to have 
excited the curiosity of mankind in all 
ages^ but by the effect of indifference too 
common to the human mind^ they were 
utterly unknown till the commencement 
of the last century^ when Galileo first laid 
the foundation of the science of mechanics 
by his beautiful discoveries relative to the 
descent of falling bodies. Geometricians 
in following the step^of this great man^ 
have finally reduced the whole science of 
mechanics to general formulasj which 
leave . nothing to be desired but to bring 
the art of analysis to perfection. 



TQ]^. I. 
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CHAP. I. 

Of Forces and iheir Composition. 

A BODY appears to us to be in ^BiOiidB 
^bea it -ebanges its sitdation -rdatiTely to 
a sjstejtn'of bodies "wbidi 'we Buppose to be 
in a state of repose. TbUsin a Vessel 
'moriog in -a uniform-iiMuitter bodies seem 
to iiisto more "vrben they corirespond sac- 
cessitely to different parts of libe vessel. 
This motion is only relatiye^ for the Te^sbl 
itself moves on the surface of the sea^ 
which revolves round the axis of the 
Earthy the centre of which moves round 
the Sun^ which is itself carried along the 
regions of space with the Earth and all 
the planets. To conceive a term to these 
motionSj and to arrive at last at some 
fixed points from which we may reckon 
the absolute motion of bodies^ we imagine 
a space without bounds^ immovable and 
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-t>€netritble to matter. It is to parts of 
this space^ real or ioiagbadrj^ that we re- 
fer in imaginatioii l^e positioa of bodi^s^ 
.md we conceive tbem in motion whea 
they ^<iorces|^wd aiUQC^ssively to different 
places in this space. 

' The nature of tbis fl^iQguIar ^modifica- 
:tion by virtue of which a body is traoa- 
parted from one place to another is^ and 
always will be^ to us unknown. It. has 
.been desigpi^ted by the .name of ^ancE ; 
its effects and the law of its action js all 
that we Q^n possibly determine. 

The effect of a force acting on a mate- 
rial point is to put it in motion if nothing 
opposes it. The direction of the force is 
the straight line which it tends to make 
it describe. It is evident that if two 
•forces act in the same direction they will 
increase the effect of each other ; but if 
they act in opposite directions^ the point 
wHl only move in consequence of their 
difference^ and it would remain at rest if 
the forces were equal. If the direc ions 
of the two forces make an angle with 

o2 
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each otber^ the resulting force will take 
a meaQ direction^ and it can be demon^ 
strated bj geometry alone^ that if reck- 
oning from the point of concourse of the 
two forces^ we take on their directionsj 
straight lines to represient them^ and then 
form a parallelogram with these straight 
VineBj its diagonal *wiil represent both as 
to its direction and magnitude, their re- 
sulting force# 

Thus the resulting force may be sub- 
stituted for two composing forces, and re- 
ciprocally may be substituted for any 
force whatever, two others of which it is 
the resulting force. Any force, therefori^, 
may be decomposed into two others paral- 
lel to two axes situated in the same plane, 
and perpendicular to each other. To do 
this it is sufficient to draw from the first 
extremity of the line representing the. 
force, two lines parallel to these axis and 
io form with these lines a rectangle, the 
diagonal of which should be the force re- 
quired to be decomposed. The two sides 
of this rectangle will represent the forces 



into which the given force may he decom- I 
posed parallel to these axes. 

If the force is inclined to a plane given 
in position, then, taking to represent it, a 
line in its direction, the extremity of 
which is in the surface of the plane, the 
perpendicular which falls from the other ■ 
extremity on the plane, wilt be the pri«M 
raitive force decomposed in a direction" 
perpendicular to the plane. The straight 
line which in the plane joins the force (or 
the other extremity of the line) with the 
perpendicular, will represent the primitive 
force decomposed parallel to the plane. 
This second partial force may be itself 
decomposed again into two others parallel 
totwoaxes in the same plane perpendicular 
to each other. Thus every force may be 
decomposed into three others parallel to 
three axes perpendicular to one another. 

Hence arises a very simple method of 
having the resulting force, of any number 
of forces which act upon a material point, 
for by decomposing every one of (hem into 
three others parallel to three axes given in 
o3 



poiition and perpendicular ta eaeli other> 
it 18 clear that all the forces pwaltel to tbf 
sane axiff will be reduced ta one single 
force equal to the sum of the forces which 
act in one direction minus the sum of those 
which act in a contrary direction. Thostho 
point will be sollicited by three forces per« 
pendicular one to the other ; if then^ three 
straight lines in each of theif diroctioiM 
be taken to represent theni> reckoning 
£roni the point of concouf se^ and 00 tbeM 
tbsee lines we form a rectangular paral- 
lelopipedon^the diagonal of this soUdj will 
represent both the quantify and directif n of 
the resulting force of all those which^ act 
upon the point. 



^ 



CHAP. II. 



Of the Motion ofa Mattrial Point. 



A BoiiffT in refMise cannot give to itself 
any motion^ since it contains not vrithia 
itself any cauise why it riiauM moTie in one 
direction in preference to another. When 
aoUicited by any force and then abandoned 
to itself, it will move constantly and unir 
formly in the direction of that force* if it 
meets with no resistance ; tb^at is at ev^ery 
instant the force and^irectioii of iU mor 
tion will be the same. This tendency of 
matter to persevere in a state .qf eitb^ 
motion or rest, is what is termed ^§rtiaj 
it is the first law of the i90tiop qf hpdieq. 

The direction pf motion in a ^traiglp^t 
line follows neeeissarily from tbisj tbntthfre 
is no reason why the point ihoiild 4$vJA|e 
to the right, lather ihm U th^ Uft^ of its 

o4 



primitive direction^ but the uniformity of 
its motion is not equally evident. The' 
nature of the moving force being unknown^ 
it is impossible to know ^ priori if this 
force should preserve itself or not. It is 
true that since a body is incapable of giv- 
ing itself any motion^ it seems equally im- 
possible that it should be able to effect 
any change in that which it has received, 
so that the law of inertia is at least the 
most natural and most simple that can be 
imagined. It is likewise confirmed by 
experiencCj for tn fact we observe on the 
Earth that motions are perpetuated for a 
longer time in proportion as the obstacles 
which oppose them are diminished^ and 
this would lead us to suppose that with- 
out these obstacles they would continue 
for ever. But the inertia of matter is 
principally remarkable in the motions of 
the heavenly bodies^ which for a great num- 
ber of ages have not experienced any sen- 
sible alteration. For these reasons we 
shall consider inertia as a law of nature, 
' and when we observe any alteration in the 



I 
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motion of a body, we shall conclude that J 
it arises from the action of some foreign . 
cause. 

In uniform motion the spacea described 
are proportional to the times. But the 
times employed to describe a given space, 
are greater or less according to the mag- 
nitude of the moving force. From these 
differences has arisen the idea of velocity, 
which in uniform motion is the relation 
between the space and the time employed 
to describe it. To avoid comparing to- 
gether, quantities so heterogeneous as 
space and time, we take aa interval of 
time, a second for example, as an unity 
of time ; and in like manner a portion of 
space, as a foot, for a unity of space. 
Time and space thus become abstract 
numbers, which express how many unities 
each contain of their own species, and thus 
they may be compared one with another. 
Velocity becomes the ratio of two abstract 
numbers, and its unity is the velocity of a 
body which describes one foot in one se- 
cond. In reducing in this manner space, 
o5 



time, and velocity to abstract oumberi^ it 
Kppears that space is equal to the product 
of the Telocity by the time^ Tvhich latter 
is consequently equal to the space divided 
by the velocity. 

Force being only known to us by the 
space ^hich it causes to be described in a 
^ven time, it is natural to take this space 
for its meaiure^ but this supposes^ that se- 
veral forces acting in the same direction^ 
will cause to be described in a unity of 
time, a space equal to the sum of the 
spaces which each would have caused to 
be described separately^ or in other words 
that the space is proportional to the velo- 
city. This is what we cannot be assured 
of :,^ priori, considering our ignorance of 
the nature of the moving force : upon this 
subject we must have recourse to experi* 
ence, for whatever is not a necessary con- 
sequence of the few data we have given on 
the nature of things, is only to us the re- 
sult of observation. 

Force may be expressed by an iniSniiy 
of functions of the velocity, without im- 



m 

pljing a epntr«4ieti|E>9. 7t»fe if m>m W 
supposing it proportioi^l lU> the ^quoff^ #f 
the yeloc^jty. !» thi* by po^l^ipsia it i§ pasy 
jto idieterinjpis the motion of a^ peji^pplUei^ 
by »ny luiiQbfer of forces, whose Kejo^ti^n 
ar^ kDOi?i^D ; for if ye ia,}^ upo^ik§ ^jriep^ 
^1094 of tjies^ forc(&», §tfB.igkt Un^ Mpm^r 
s^j^tiog t^eir yelQcitifes^ heginpi^ fit ^eif 
point of copcpur^e^ 9ad if i|po9 |t)ies0 4i-^ 
rections^ ancl ff oip tjb^e safne poipt ot))eF 
lines be taj^e^^ wbicb aire ip ea^h pthe^ 
as the sqiiiares of the fi^st^ jthe^e line^ will 
represent tb^ forces tbeiqsely^s. By <;qiq- 
bining thein accprdipg to the rylep filjr^ady 
given^ we she'll obt^iq tbeijr re^u^jting 
fprice^ and also th^ straight li^e whicii 
jrepresents ijt^ lai^d which will be t4> the 
square of ttbe corfejsponding yelocity^ ai 
^e sjtf aigb^ liw repr.€iseplii?g pne of tbi^ 
(ppmposing forces is to the /iquare of its 
Yielpcity. By this it appears hpw the bxot 
tion of a point i»ay be .d|eteri»iiq€:4, whatr 
ever be ithje function of the yejjpcity which 
ex presi^s the force. Among all ib^ fupc* 

06 
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tioDi mathamaticallj pMiible^ kt as exa- 
mine which if that of natore. 

It if obserred upon the Earth that a 
body tollicited bj aoy force^ moves in the 
same maniier^ whatever be the angle which 
the direction of this force malm with the 
direction of the motion which is eommoii 
to the body abd to the part of the terres^ 
trial surface to which it corresponds ; the 
same thing takes place in a yesseh whose 
motion is uniform ; a moveable bodv sub- 
mitted to the action of a springs or of gra- 
vity^ or anj other force^ moTes relatively 
to the parts of the ship in the same manner 
whatever lie the velocity and direction of 
the vessel. It may then be established as 
a general law of terrestrial motions, that 
if in a system of bodies carried on by a 
common motion^ any force be impressed 
on one of them^ its apparent or relative 
motion will be the same^ whatever be the 
general motion of the system^ and the angle 
which its direction makes with the impel- 
ling force. 
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The proportionality offeree to velocity,' 
results from this law supposed rigorously 
exact ; for if we suppose two bodies mov- 
ing upon one straifiht line with equal ve- 
locities, and that by impressing on one of 
them a force, which encreases the primi- 
tive force, its relative velocity to the other 
body remains the same as if both of them 
had been primitively in a state of repose ; 
it is evident that the space described by 
the body in consequence of its primitive 
force, and of that which is added to it, be- 
comes equal to the sum of the spaces, 
which each of them would have caused it 
to describe in the same time ; which 
supposes the force proportional to the 
velocity. 

And reciprocally, if the force is propor- 
tional to the velocity, the relative motions 
of a system of bodies, animated by any 
forces whatever, ure the same, whatever 
be their common motion, for this motioa 
decomposed into three others, parallel to 
three fixed axes, only increases by the 
same quantity the partial velocities of each 
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bodjj parallel to theie axe«j and since the 
relative velocities only depends on tbe dif- 
ference of these partial velocities^ it will 
be the same^ whatever be the motion Gomr 
mon to all the bodies. It is therefore 
impossible to judge of the absolute motioip 
of a sj^stem of which we make a part^ by 
any appearances that can be observed. 
Which circumstance characterizes this law^ 
theignorance of which has so long retarded 
our knowledge of the system of the world, 
by the difficulty of conceiving the relative 
motions of projectiles about the surface of 
the Earthy carried along by a double mo^ 
tion round its own axis and round the 
3un. 

But considering the smallness of th^ 
most considerable motions which we can 
impress on bodies on the Earthy compared 
with that which tbey share in com^ion 
with the Earthy it is sufficient for the ap- 
pearances of a s J stem of bodies to be in- 
4ependant of the direction of this mo- 
,tioii that a small augmentation of the force 
by which the earth is animated^ be to the 
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corresponding increase in its reloeityj in 
the ratio of these quantities themselves* 
Thus our experiments only prove the real* 
ity of this proportion^, which if it existed^ 
whatever were the velocity of the Earth> 
would give the law of the velocity pro- 
portional to the force. It would give 
likiewise this law^ if the function of the 
velocity expressing the force, was only 
composed of a single term. If then the 
velocity be not proportional to the force 
we must suppose in nature the function 
of the velocity expressing the force to 
consist of several terms^ which is not at 
ail pro1)able. We must moreover suppose 
the velocity of the Earth to be exactly 
such as suits the above proportion, which 
is likewise extremely improbable. Besides 
the velocity of the Earth varies in different 
seasons of the ycar^ it is about onC'thirtietb 
greater in winter' than in summer : this 
variation is still more considerable, if, as 
every thing seems to indicate, the solar 
system itself is in motion in space, for 
liccor4ling as this progressive motion con«» 
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•piret with that of the Earthy or is con* 
trarj to it^ there should result great yaria- 
tioDs in the course of the year ia the 
absolute motion of the Earthy and this 
should alter the proportion of which we 
are speakings and the relation of the force 
impressed to the relative velocity-resulting 
from itj if this proportion and this relation 
were not inde pendant of the motion of the 
Earth. Nevertheless the most precise ex- 
periments have never shewn the slightest 
sensible variation* 

All the celestial phenomena serve to 
corroborate these proofs. The velocity or 
lights determined by the eclipses of Jiipi* 
ter*s satellites^ combines itself with that of 
the Earth, exactly according to the law of 
the proportionality of the force to the 
velocity, and all the motions of the solar 
system, calculated after this law, are en* 
tirely conformable to observation. 

Hence we have two laws of motion, that 
is to say, inertia, and that of the force 
proportional to the velocity, given by ob- 
servation ; they are the most simple and 
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ipires with that of the Earthy or is con* 
trar^ to it^ there should result great yaria* 
tions in the course of the year ia the 
absolute motion of the Earthy and this 
should alter the proportion of which we 
are speaking, and the relation of the force 
impressed to the relative yelocity-resulting 
from it, if this proportion and this relation 
were not independant of the motion of the 
Earth. Nevertheless the most precise ex- 
periments have never shewn the slightest 
sensible variation. 

All the celestial phenomena serve to 
corroborate these proofs. The velocity or 
light, determined by the eclipses of Jupi- 
ter *s satellites, combines itself with that of 
the Earth, exactly according to the law of 
the proportionality of the force to the 
velocity, and all the motions of the solar 
system, calculated after this law, are en* 
tirely conformable to observation. 

Hence we have two laws of motion^ that 
is to say, inertia^ and that of the force 
proportional to the velocity, given by ob- 
servation ; they are the most simple and 
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most natural that can be imagined, and 
■without doubt they are derived from the 
Very nature of matter ; but this nature 
being to us unknown, these laws are to us 
only observed facts. They are the only 
ones that the science of mechanics borrows 
from experience. 

The velocity being proportional to the 
force, these two quantities may be repre- 
sented one by the other, and by the preced- 
ing rules we can always determine the ve- 
locity of a point sotlicitcd by any number 
of forces, whose velocities and directions 
are known. 

If the point is solticited by a number of 
forces which act in a continued manner, it 
will describe with a motion incessantly 
variable, u curve, the nature of which 
will depend on the forces by which the point 
is sollicited. To determine it we mustcon- 
lider the curve in its elements, examine 
liow they arise one from the other, and as- 
cend from the law of the augmentation of 
Iheir ordinates to their finite expression. 
It is here that tbe iafinitesmal calculus 



I 
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becomes iodispensiblej and that we becoQie 
sensible of the utility of bringiag to p^r* 
fectioo thia powerful engine of the hu- 
man mind. 

We have in the instance of gravity^ « 
daily example of a force> i?«rhich seems to 
act i?«rithout interruption. It is true W4 
are ignorant whether its suQcessive sections 
are separated by intervals of time^ who$4 
duration is insensible^ but the phenom^a^i 
being nearly the i^ame either in this hjjf(H 
thesis or that of a continued action^ {^o-* 
metricians have adopted the former as the 
most simple and commodious. Let us iq* 
vestigate the laws of these phenomena. 
Gravity seems to act upon bodies in the 
same manner whether they are in a state of 
repose or motion. In the first instant ^ 
body abandoned to its action acquires %, 
degree of velocity infipitely small^ in th^ 
second instant a n^w degree pf velocity is 
added to the firsts and so cpiiitinue^^ tl^4 
velocity increasing ip prppofUoi]^ io thQ 
time. 

If w§ imagine a jigfct- Wgje4 tjriapglf ^ 
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Tmnd one side to represent the time and ia- 
crease with it, the other side may represent 
the Telocity. The clement of the surface 
of the triangle, heing equal to the product 
of the element of the time by the velocity, 
it will represent the element of the space 
which gravity causes to be described; and 
thus this space will be represented by the 
intire surface of the triangle, which in- 
creasing as the squares of one of its aides, 
shews usj that in motion accelerated by 
the action of gravity, the velocities increase 
as the times and the heights from which 
bodies fjll fall from a state of rest, vary as 
the squares of the times, or as the squares 
of the velocities. In expressing thus by 
unity the space a body falls in one second, 
it will descend four unities in two seconds, - 
□ine in three seconds and so on ; in such 
a manner thnt in each second it will de- 
scribe spaces increasing as the odd num- 
bers 1, 3, 5, 7, &c. 

The space which a body will describe 
in consequence of the velocity acquired by 
its fall in a time equal to that of its de- 
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scentj will be the product of this time by 
its Telocity, but this product is the double 
of the surface of the triangle^ therefore a 
body moTing uniformly with its acquired 
velocity will describe in the time equal to 
that of its descent a space double to that 
through which it has fallen. 

The ratio of the required velocity to 
the times is constant for the same accele- 
rating force> it augments and diminishes 
as they are greater or less^ it may there- 
fore serve to express them. The double 
of the space described being the product 
of the time by the velocity^ the accele- 
rating force is equal to this double space 
divided by the square of the times. It is 
likewise equal to the square of the velo- 
city divided by this double space. These 
three methods of expressing the accelerat- 
ing force are useful on many occasions, 
they do not give the absolute values of 
these forces, but their ratios to each otbe| 
or to one of them, taken as unity, which 
is all that is required in mechanics. 

'■ \ ■■ \ H 
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On an incliaed plane, the acfioa of gra- 
ity is decomposed into two, one perpen- 
icular to the plane which is destroyed by 
its resistance, the other parallel to tfae 
itane which is to the primitive force of 
ravity as the height of the plane is to its 
length ; motion is therefore uniformly ac- 
celerated on inclined planes ; hut the velo- 
cities, and the spaces described, are to the 
Wtocittcs and spaces described in the same 
ime in the direction of the vertical, as the 
leight of the plane to its length. From 
lence it follows that all the chords of a 
circle which terminate in one of the ex- 
rcmities of a vertical diameter, are de- 
cribed in the same time by the action of 
ravity as the diameter itself. 
A body projected in the direction of 
My straight line whatever, contiiiuatly 
deviates from this direction, describing a 
urve concave to the horizon, and of which 
Ibis line is the first tangent. lis motion 
hen referred to this line by vertical lines, 
U uniform, but it accelerates in the direc- 
tion of these verticals according to the 
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laws already explained. Ifj therefore> 
vertical lines are drawn from every part 
of the curve to this first tangent^ ibey 
will be proportional to the squares of the 
coresponding parts of this tangent^ a pro- 
perty which characterizes the parabola. 
If the force of projection is in the direc- 
tion of the vertical itself^ the parabola is 
confounded with this vertical line^ and 
thus the formulas for parabolic motion^ 
give those for accelerated and retarded 
motion in the direction of the vertical. 

Such are the laws of the descent of the 
heavy bodies^ as discovered by Galileo. 
It appears now to us not difficult to have 
discovered tbem^ but as they escaped the 
investigation of philosophers notwithstand- 
ing the phenomena which incessantly oc- 
curred it must have required an extraor* 
genius to have developed them. 

We have seen in the first Book that a 
material point suspended at the extremity 
of a straight line without mass^ and fixed 
at its other extremity, forms the simple 
pendulum* This pendulum when removed 
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trom its' vertical position, teods bj its gra- 
Yity to retura^ ^nd this tendency is irery 
Hearty propdrtional to its deviation^ Vfhen 
that is not vfery considerable* Let us 
imagine two p^dulums of the «ame length 
4(}tElitting the iileartical position at the same 
indCant With very small velocities ; they 
"will describe^ in the £rst instants arcs 
'proportional to the velocities ; at the be« 
^iltniag of the second instant equal to the 
£rst^ the velocities will be retarded in pro- 
ffortidnto the arcs described^ and io the 
fprimitive velocities. The area described^ 
therefore^ in this instant^ will be propor- 
tional to these velocities ; it \trill be the 
iNime with the arcs described in the third 
•'and foiirih instants^ &c. Thus at every 
'instant the velocities «nd the arcs measur- 
•^ from the vertical, will be proportional 
'to the primitive velocities, the pendulums 
will arrive, therefore, at the same mo- 
nh%nt»ut a state of repose ; they will re- 
tuvn again to the vertical by a motion ac- 
celerated according to the same laws by 
^hich their velocities had been retarded^ 



318 

and will arrive at the same instant^ and 
with their primitive velocityj they will 
oscillate in the same manner on the other 
side of the vertical, and would continue 
to oscillate for ever but for the resistance 
which they experience. It is evident that 
the extent of their oscillations is in propor- 
tion to their primitive velocities^ but the 
length of their oscillations is the same and 
consequently independent of their extent 
The accelerating force of the pendulum, 
not being exactly in proportion to the 
extent of the arc from the vertical^ this 
isochronism is only approximative, relar 
tiveiy to a body performing very small 
oscillations in a circle. But it is rigor- 
ously exact in a curve, in which the force 
of gravity, decomposed parallel to the 
tangent, is proportional to the are> rec- 
koned from the lowest point of the curve, ' 
which immediately gives it differential 
equation. Huygens, to whom we are 
indebted for the application of pendulums 
to clocks, was interested in finding this 
curve, and in the manner of making pen*- 
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dulums describe it. He found that it was 
a cycloid placed Yertically^ so that its 
summit might be the lowest pointy and 
that to cause a body suspended at the ex- 
tremity of an ioextensible thread to de« 
scribe this curve> be found that it would 
be necessary to fix the other extremity at 
the common origin of two cycloids^ equal 
to. that to be described .by the pendulum^ 
a9d so placed that the thread, in its vibra- 
tiona m^y envelope alteriifiitel}^ a portion 
p£ these curves.: But whatever i#igenviity 
may have beqn manifested in these inves- 
tigatioa6> eiipper4ence has preferred the 
circular pendailum^ as the mdst simple and 
f ufflciently exact in practice^ but the the* 
ofy of evolutes which has been derived 
from themj is become very important 
by its application to the system of the 
world. 

. The length of the very small oscilla^- 
tions of a circular pendulum^ is to the 
time which a body will employ in falling 
from a height equal to double the length 
of the pendulum^ as the semi-circumfe- 
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rente is to the diameter : and thus the time 
of the descent of a body through a small 
arc of a circle terminated in a vertical dia- 
meter, is to the time of the descent through 
the diameter^ or what is the same things 
as the time required to describe the chord 
of this arc^ as the quarter of the circumfe- 
rence is to the diameter^ the straight line 
joining the two points is not therefore the 
line of swiftest descent from one point to 
another; the investigation of this line has 
excited the attention of mathematicians^ 
and they have found that it is a cycloid 
whose origin is the most elevated point. 

The length of a simple pendulum vi- 
brating seconds^ is to double the height 
which bodies describe by the force of gra- 
vity in one second^ as the square of the dia- 
meter to the square of the circunjference. 

It has been observed in the First Book^ 
that very exact experiments have given 
the length of the pendulum vibrating de- 
cimal seconds at Paris 2.28386, from 
which it results that bodies fall by the 
force of gravity 11^2704 in the first sc- 
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cond of time. The connection between the 
lengths of pendulums, which maybe ob- 
served with great precision, and the time 
of descent of falling bodies was an inge- 
nious discovery for which we are indebted 
to Huygens. 

The times of the very small oscillations 
of pendulums of different lengths and ani' 
mated by the same force of gravity, are as 
the square roots of these lengths. If the 
pendulums are of the same length, hut 
animated by different forces, the times of 
their oscillations will be reciprocally as 
the square roots of these forces. 

It is by means of these theorems that 
variation of the force of gravity at the 
lurface of the Earth, and on the summits 
of mountains has been determined. The 
observations made on pendulums have de- 
monstrated that gravity neither depends 
nn the figure nor on the surface of bodies, 
but that it penetrates into all their com- 
ponent particles, and toads to impress on 
them equal velocities in equal times. To 
be assured of this, Newton made several 
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bodies oscillate^ of the flatne weight' but 
different in their figure and matter^ placing 
them in the interior of the same surface 
that the resistance in the air might be the 
same. Whaterer precision he emplojed 
in the experiments he was never able to 
perceive the smallest difference in the 
times of the vibrations of these bodies^ ' 
from which it follows that were it not for 
the resistances which different bodies ex- 
periencCj their velocities acquired by the 
action of gravity^ would always be the 
same in equal times. 

We have likewise in circular motion an 
instance of force acting in a continued 
manner. The motion of matter abandoned 
to itself being uniform and rectilinear, it 
is evident that a body moving on the cir- 
cumference of a circle tends at every in- 
stant to deviate from the centre in the di- 
rection of the tangent. The effort which 
it makes to this effect, is called the centri- 
fugal force, and on the contrary every 
force directed to the centre is called a cen- 
tral or centripetal force; in a circular 
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motion tbe centripetal force is equal and 
directly contrary to the centrifugal force ; 
it incessantly tends to draw tlie body to« 
wards the centre^ and in an extremely 
small interval of time, its effect liiay be 
measured by the versed sine of the are 
described. 

We may by this result compare <he force 
of gravity with the centrifugal force aris* 
ing from the rotation of the Earth ; at the 
equator bodies describe, in consequencis 
of this rotation, an arc of 4t).''1095 of the 
circumference in one second of time, the 
radius of this equator being 19634778 
feet very nearly. The versed sine of this 
arc is 0.0389704. The force of gravity 
causes bodies to descend, at the equator, 
11.23585 in one second; thus the central 
force necessary to retain these bodies at 
the surface of the Earth, and consequeirtly 
the centrifugal force due to its motion, is 
to the force of gravity at the equator as 
] . to 288.3. The centrifugal force dimi- 
nishes the force of gravity, and bodies 
descend to the Earth at the equator 
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by the difference only between tliese two 
forces. 

Calling then gravity the entire weight 
which would subsist without this diminu-> 
tion^ the centrifugal force at the equator 
is -j-It of gravity. If the rotation of 
the Earth were seventeen times more 
rapid, the arc described at the equator in 
one second, would be seventeen times 
greater, and its versed sine would be 2819 
times more considerable, the centrifugal 
force would therefore be equal to that of 
gravity, and bodies at the equator would 
cease to gravitate towards the Earth. 

In general the expression of a constant 
accelerating force acting always in the 
same direction, is equal to double the 
space it causes the body to describe, divid- 
ed by the square of the time. Every ac- 
celerating force in an interval of time ex- 
tremely short, may be considered as con- 
stant and acting in the same direction ; 
moreover the space which is described by 
the action of the central force in circular 
motion, is the versed sine of the arc de- 




ecrlbed, which is nearly equal to the 
square of the arc divided by the diameter, 
the expression of this force is therefore the 
square of the arc described divided by tlie 
square of the time and by the radius of the 
circle. But the arc divided by the time 
is the velocity of the body, the central 
and likewise the centrifugal force are each 
therefore equal to the square of the velo- 
city divided by the radius. 

Let us compare this result with that 
found above, according to which gravity 
is equal to the square of the velocity ac- 
quired, divided by twice the space de- 
scribed; we shall see that the centrifugal 
force is equal to the force of gravity, even 
when the velocity of the revolving body is 
the same as that acquired by a heavy body, 
which should fall from a height equal to 
half the radius of the circumference de- 
scribed. 

The velocities of several bodies moving 
in circles, are to each other as the circum- 
ferences which they describe, divided by 
the times of their revolutions, the circum- 
v4: 
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ferences are as tbe radii^ iberefore the 
squares of the yelocities are as the squares 
of the radii divided by the squares of the 
times. The centrifugal forces^ therefore^ 
are to each other as the radii of the cir-^ 
cumferences divided by the squares 4>f the 
times of revolution. Hence it follows that 
the centrifugal force^ on the different ter- 
restrial parallels^ is proportional to the 
radii of these parallels. These beautiful 
theorems^ discovered by Huygens^ con- 
ducted Nev^ton to the general theory of 
motion in curves^ and to the law of uni« 
versal gravitation. 

A body describing a curve of any kind 
has a constant tendency to deviate in the 
direction of the tangent; now we may 
easily imagine a circle to pass through two 
adjacent elements of the curve, which is 
called the circle of curvature or the oscu^ 
latory circle of that curve^ in two conse- 
cutive instants the body may be conceived 
as moving in the circumference of this 
circle, its centrifugal force is therefore 
equal to the square of its velocity divided 



bj the radius of this circle of curyatirre; 
but the position and uia^itude of this 
circle is constantly yarjing. 

If the curve be described by virtue of a 
force directed to a fixed pointy this force 
may be decomposed into two^ one accord* 
ing to the radius of curvature^ the other 
according to the element of the curve. 
The first is in equiliforio wkh tlie centri- 
fugal force^ the second augments or dimi* 
nishes the velocity of the body, this velo- 
city therefore continually varies. But it 
always is such that the areas described iy 
the radius vector about the origin of the 
forccj are proportional to the times ; and 
reciprocally^ if the areas traced by the 
radius vector about a fixed point are 
proportional to the times, the force which 
sollicits the body will always be directed 
to this point. These fundamental propo- 
sitions in the theory -of the system of the 
world, are easily demonstrated in the fol- 
lowing manner : 

The accelerating force may be supposed 
to act only at the commencement of each 
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instant during which the motion may be 
supposed to be uniform^ the radius yec- 
tor will thus describe a small triangle. If 
the force ceased to act in the following 
instant^ the radius vector would trace in 
this new instant^ a new triangle equal to 
the firsts because the triangles having 
their vertex at the fixed point which is 
the origin of the force ; their bases situ- 
ated on the same straight line will be 
equals since they are described with the 
same velocity during two instants which 
are supposed equaU but at the commence- 
ment of this new instant, the accelerating 
force combining itself with the tangential 
force of the body, makes it describe the 
diagonal of a parallelogram wbose sides 
represent these forces. The triangle which 
the radius vector describes in virtue of 
this combination of forces is equal to 
that which it would have described with- 
out the action of the accelerating force, 
for these triangles have for a common basis 
the radius vector at tbe end of the first 
instant, and the vertex of each is on a 
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straight liae parallel to tbis basis. The 
areas^ therefore, described by the radius 
vector, in the two consecutive instants, are 
equal to each other, and consequently the 
sector described by the radius vector in- 
creases as the number of these instants, or 
as the times. It is evident that this is 
only true inasmuch as the accelerating 
force is directed to one fixed point, other- 
vi^ise the triangles which we have consi- 
dered, will not have the same base-tind 
the same height : thus the proportionality 
of the areas to the times, demonstrates 
that the accelerating force is constantly 
directed to the origin of the radius vector. 
In this case if a very small sector be 
imagined to be described during an ex- 
tremely short instant of time, and from the 
first extremity of this sector, a tangent be 
drawn to the curve, and that the radius 
vector drawn from the origin of the force 
to the other extremity of the sector, be 
prolonged till it meet this tangent, then 
the part of this radius intercepted between 
.this curve and the tangentj will evidently 
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be the space described by the central 
force. 

In dividing the double of this space by 
the square of the time^ we obtain an ex- 
pression for this force ; but the sector is 
proportional to the tiitae^ the central force^ 
therefore^ is^ as the part of the radius 
vector intercepted by the curve and the 
tangent^ divided by the square of the sec^^ 
tor ; strictly speakings the central force in 
different points of the curve is not exactly 
equal to these quotients^ but it approaches 
the nearer to them as v^e take the sectors 
very small^ so that it is exactly equal to 
the limits of these quotients. The diffe- 
rential analysis gives this limit in a func- 
tion of the radius vector, v^^hen the nature 
of the curve is known, and then that func^ 
tion of the distance is obtained to which 
the central force is proportional. 

If the law of the force is given, the inves'- 
tigation of the curve described presents 
greater difficulties. But whatever be the 
nature of the forces by which a body is 
animated, the elementary variations of its 
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motion may easily be determined in the 
followiDg manner : 

Let us imagine three fixed axes^ perpen- 
dicular among themselves^ the position of 
a body may be determined at any instant, 
by three co-ordinates parallel to these 
axes, in decomposing every one of the 
forces which act upon the point, into three 
others parallel to these axes, the product 
of the resulting force of all these forces, 
parallel to one of these co-ordinates, by the 
element of the time during which it acts, 
will express the increase of the velocity 
of the body, in the direction parallel to 
that co-ordinate ; now this velocity, dur- 
ing this element, may be considered as 
uniform and equal to the element of the 
co-ordinate divided by the element of the 
time ; the elementary variation^ therefore, 
of this quotient, is equal to the preceding 
product. The consideration of the other 
two co-ordinates afibrds two similar equa- 
tions ; thus the determination of the mo- 
tion of a body becomes an investigation of 
pure analysis^ which is reduced to the in- 



3i6 

tegration of three differential equations. 
This integration is easy when the force is 
directed to a fixed pointy but often the 
nature of forces renders it impossible ; 
nevertheless the consideration of the diffe- 
rential equations leads to some interesting 
principles of mechanics^ such as the fol- 
lowing : The elementary variation of the 
square of the velocity ofabody^ submitted 
to the action of any accelerating forces 
whatever^ is equal to double the sum of 
.the products of each force^ by the small 
space which the body advances in the di- 
rection of that force in a small instant of 
time : from which it may be concluded 
that the velocity acquired by a heavy 
bod}'^ descending along a line or curved 
surface^ is the same as if it had fallen ver- 
tically from the same height. 

Many philosophers^ struck with the 
order which prevails in nature^ and with 
the fecundity of the means by which 
phenomena are produced, have concluded 
that she always accomplishes her enda by 
ways the most simple. 
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. In extending this idea to mechanic9> 
.they haye sought what was the economy 
of nature in the employment of forces^ and 
after many fruitless attempts^ they at. last 
discovered that of all the curves that a 
/body might describe in going from one 
point to another^ it always chose that in 
which the integral of the product of the 
mass of the body by its velocity, and by 
the element of the curve, is a minimum. 
Thus the velocity of a body moving in a 
curved surface and not solicited by any 
force being constant^ it proceeds from one 
point to another by the shortest line. The 
preceding integral is called the action of a 
body, and the re-union of similar integrals, 
relative to the bodies of a system is called 
the action of the system. According to 
these philosophers the economy of nature 
consists in sparing this action, so that it 
may always be the least possible. It is 
this which constitutes the principle of the 
least action. But this principle is no- 
thing but a curious result of the primor«* 
dial laws of motion, laws, which as we 
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have seen, are the most simple andnatnral 
that can be imagined^ and which seem to 
be derived from the essence of matter it- 
self. All the laws^mathematicalljr possible, 
offer analogous results, it ought not there- 
fore to be elevated to the dignity of a 
final cause, for so far from having given 
birth to the laws of motion, it has not 
even contributed to their discovery, with«^ 
out which we should still dispute upon 
what was to be understood by tlie least 
action of nature. 
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CHAP. III. 

Of the Equilibrium of a System of Bodies. 

Xhe most simple case of Equilibrium be- 
tween several bodies^ is that of two material 
points meeting each other with equal and 
opposite velocities. Their velocities will 
be destroyed^ and the points reduced to a 
state of rest^ by their mutual impenetrabi- 
lity^ a property of matter by which two 
bodies cannot at the same moment occupy 
the same point of space. But if two bo- 
dies^ of different masses^ meet with oppo- 
site velocities^ what then is the relation of 
their velocities to their masses^ in case of 
equilibrium ? To solve this problem^ let 
us suppose a system of material points^ 
contiguous to each other^ arranged upon 
the same straight line^ and impelled by a 
common velocity in the direction of this 
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straight line ; let us suppose also a second 
sjstem of contiguous material points ar- 
ranged upon the same straight line^ having 
a common velocity, but in a direction con- 
trary to the first system, so that the two 
systems, after mutually striking each other, 
may remain in equilibrio. It is clear that 
if the first system was only composed of a 
single material point, every point in the 
second system would destroy in the strik- 
ing* point a part of its velocity equal to the 
velocity of this system ; in the case of 
equilibrium^ therefore, the velocity of the 
striking point should be equal to the pro- 
duct of the velocity of the second system 
by the number of its point, and we may 
substitute for the first system a single 
point impelled by a velocity equal to this 
product. For the second system likewise 
may be substituted a material point impel- 
led by a velocity equal to the product of 
the velocity of the first system by the 
number of its points. Therefore instead 
of the two systems we shall have two 
points that will sustain each other in equi- 




librio with contrary velocities, of which 
oae will be the product of the velocity of 
the first system, by the number of its 
points, and the other will be the product 
of the velocity of the points of the second 
system, by their number; these products, 
therefore, in the case of equilibrium, sliould 
be equal to each other. 

The mass of a body is the sum of ii 
material points. The product of the maa«: 
by the velocity is called the quantity 
motion, tbe same thing is understood ofthe 
force of a body. In the case of equili- 
brium between two bodies, or of two sys- 
tems of material points that strike each 
other in contrary directions, the quantities 
of motion^ or the forces opposed to each 
other should be equal, and consequently 
these velocities should be proportional to 
the masses. 

Two material points cannot act on each 
other but in the direction of tbe straight 
line that joins them, the action which the 
first exerts upon the second communicates 
to it a quantity of motion ,- now the second 
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may be conceived to be soUicited by this 
quantity^ and by another equal and directly 
opposite ; the action of the first body is' 
therefore entirely employed in destroying 
this last quantity of motion ; but to do this 
it must employ a quantity of motion equal 
and contrary to that which is to be de- 
stroyed. Hence it appears' that in the 
mutual action of bodies, action and reac- 
tion are always equal and in contrary di- 
rections. We see likewise that this equar 
lity does not suppose any particular force 
to reside in matter, bul results from the 
impossibility that a body should acquire 
motion from the action of another without 
depriving it of a portion^ in the same man- 
ner as a vase can only be filled at the ex« 
pence of another which communicates with 
it. 

The equality of action and reaction ma^- 
nifests itself in all the operations of nature. 
Iron attracts the loadstone in the same 
manner as it is itself attracted^ the same is 
observed in electric attractions and repul- 
sions^ in the developement of elastic forceAj 
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and even in the forces of animals^ for 
whatever may be th>B nature of the motive 
power of man^ and of animals^ it is clear 
they receive by the reaction of matter a 
force equal and contrary to that which 
they communicate ; and thus in this re- 
spect they are subject to the same laws 
as inanimate beings. 

The reciprocity of velocity and mass in 
the case of equilibrium^ serves to deter- 
mine the ratio of the masses in different 
bodies. Those of homogeneous bodies 
are proportional to their volumes^ which 
geometry teaches us to measure ; but all 
bodies are not homogeneous^ and the diffe* 
rences which exist either in their integrant 
particles^ or in the number and magnitude 
of the intervals or pores which separate 
these particles^ produce very great ones in 
. the masses which are contained under the 
same volume. Geometry then becomes 
insufficient to determine the ratio of these 
masses^ and we'^are obliged to have re- 
course to the science of mechanics. 
If we conceive two globes of different 
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matter. If two globes be taken of different 
materials, whose diameters be supposed to 
vary till they become in equilibrio with each 
other when impelled by equal and contrary 
velocities, we may be assured that then^ 
they each contain an equal number of ma- 
terial points^ and consequently that their 
masses are equal. The ratio which the 
volumes of these substances bears to their 
equality of mass will thus be obtained, and 
afterwards we may determine by geometry 
the ratio of the masses of any two volumes 
whateYer of the same substance. But 
this method would be excessively labo- 
rious, for the numberless comparisons 
which the wants of society require for the 
purposes of commerce; fortunately nature 
offers us in the weight of bodies a very 
simple method of comparing their masses. 
It has been shewn in the preceding 
chapter that every material point on the 
same part of the Earth's surface, tends to 
descend with the same velocity by the 
action of gravity. The sum of these ten- 
dencies is what constitutes the weight of 
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a body, and thus the weights are propor- 
tional to the masses. Hence it follows 
that if two bodies suspended by a thread 
passing oyer a pulley^ are in equilibrio 
when an equal portion of the thread is on 
each side the pulley, the masses of these 
bodies are equals since tending to move 
with the same velocity by the action of 
gravity, their action upon each other is the 
same as if they struck each other with 
equal and contrary velocities. Two bodies 
inay also be placed in equilibrio by means 
of a balance, whose arms are perfectly 
equal, which will be a proof of the equa- 
lity of their masses. The ratio between 
the masses of different bodies is likewise 
ascertained by means of an exact balance, 
a number of small equal weights, by ob- 
serving how many of these weights are 
necessary to produce ati equilibrium. 

The density of a body depends on the 
number of its material points included in 
a given volume, it is therefore proportional 
to the ratios of the mass to the volume. 
If a body existed without pores its density 
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\)pouId be the greatest possible^ and by 
comparing its density with that of other 
bodies we should be able to determine the 
quantity of matter they contained. But 
being ignorant of such a substance^ we 
can oniy ascertain the relative density of 
bodies ; these densities are in proportion 
to the weight under the same volume, 
since the weight!^ are proportional to the 
masses; taking therefore as unity the den* 
sity of any substance whatever^ for in« 
stance distilled water at the temperature 
of melting ice, the density of another 
body, will be the ratio of its weight to 
that of an equal volume of Water ; and 
this is called its specific gravity^ 

What we have said, seems to suppose 
that matter is homogeneous, and that hoo- 
dies only differ from each other in their 
figure, and by the magnitude of their 
pores and integrant particles, but it is 
possible that there may be essential diffe- 
rences in the very nature of these particles j 
but this is indifferent to the science of 
mechanics, which only considers bodies 
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with relation to their motions. We may 
therefore, without fear of error, admit 
the homogeneous nature of matter, pro- 
vided that by equal masses, we understand 
masses, which being sollicited by equal 
and contrary vetocities, produce aa equi- 
librium. 

In the theory of equilibrium and of the 
motion of bodies, we omit every conside- 
ration of the figure and of the number of 
the pores which they contain. But attention 
is paid to the difference of their respective 
densities, by supposing them formed of 
material points more or less dense, which 
in fluids are perfectly free, and which 
in hard bodies are united by inflexible 
straight lines without mass, and which in 
soft and elastic bodies are both flexible 
and extensive. It is evident that in these 
suppositions, bodies will offer the same 
appearances which they really present to 



The conditions of equilibrium of* a sys- 
tem of bodies may always be determined 
by the laws of the composition of forces, 
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explained in t1ii6 Firit Ghtpte^ df ihiT 
Book ; for We may contrdTe tbe fott^ by 
tirhieh eTefj materiil yioidt ia th« iyststb' 
\t toiBHafed^ to Ito upplied to that pomt iir 
its dil*ectibii> in Wllieh ^t Unit^ the tii^ 
refction)! of those fOihiieB ^hith d^My it^ 
or which by combining with it^ fbirM li 
Misutting^ foree> \vhich in the ce«ie of e^ui- 
librfiitti is desttdyed by the fixed points of 
the sjHtettr. tiet us cohsider^ firt exalttpte^ 
tVfo material points att^ehed to the extl^' 
mity of an infiejcible leVer, and diipp^si^ 
the forces which solicit theiti to be in the 
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plane of the lever. In conceiving "ffiese 
forces united at the point of eoncourse ef 
their directions^ the reuniting force arisii^ 
from their combination^ should^to prod^cJe 
an equilibrium^ pass through the ftikriim; 
which can alone destroy it^ aild it appears 
that from the law of the composition of 
forces^ that the producing forces are in 
this case reciprocally to each other as the 
perpendiculars drawn from the point of 
support 01 fulcrum to the direction of the 
forcer. 
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If we imagine two ponderous bodies 

:ached to the extremities of a rectiliuear 
inflexible lever ; whose mass is infi- 

tely small, relatively to that of the bo- 
dies, the directions parallel to the force of 
gravity may be conceived to meet at an 
infinite distance, in this case the forces 
which solicit the bodies^ or what is tbe 
same thing, their weights, to produce an 
equilibrium, must be reciprocally as the 
perpendiculars drawn from the point of 
support to the directions of the forces, but 
these perpendiculars are in proportion to 
the arms of the lever. Thus the weights 
«f bodies in equilibrio are reciprocally 
as the arms of the lever to which tfacj 
are attached. 

A very small weight may therefore be 
made to sustain a very large one in equi- 
Jibrio, by means of a lever and other ma- 
chines which are referrable to the same 
principle ; and by this method we cait 
lift an enormous weight by a very slight 
I ^orf, but for this piirposcj the pow*r 
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must deaeribe a great space to elevate tfae 
i^eight a very small height^ so that what is 
gaided in force is lost in timej audi tins 
takes place in all machines. But time 
may often be disposed of at pleasurCj, wh» 
we can only employ a very limited force. 
In other cases where a great velocity is to 
be produced^ it may be effected by meaos 
of a lever^ by applying the force to the 
shortest arm ; it is in this possibility of 
augmenting at pleasure either the mass (or 
velocity of the moving power, that the 
principal advantage of machinery consists. 

In examining attentively in a great 
number of cases the conditions of equili- 
brium of a system of bodies, and the rela- 
tion of each force to the velocity of the 
body to which it is applied, when the 
equilibrium of the system begins to give 
way, the following principle has been 
recognized, which contains in the most 
general manner the conditions of equili- 
brium of a system of material points, soli- 
cited by any force whatever. 

If the position of a system be changed 




bj an infinitely small quantity (in a man- 
ner consistent with the conditions of the 
connection of its different parts), every 
material point will advance in the direc- 
tion of the force by which it is solicited, 
a quantity, equal to the part of this di- 
rection comprised between the 6rst posi- 
tion of the point and the perpendicular 
drawn from the second position of the 
point upon this direction : that is, in the 
case of equilibrium, the sum of the pro- 
ducts of every force, by the quantity which 
the point to which it is applied advances 
in its direction, is equal to nothing. In 
this consists the principle of virtual velo- 
cities, for which we are indebted to John 
Bernoilli ; but in practiccj it should he 
observed that the products must he taken 
negatively of those points which move in 
a direction contrary to their forces. It 
must be recollected also, that the force is 
the product of the mass of a material point 
by the velocity which it would receive if 
entirely free, 

conceive the poiition of every 
t 3 
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poiot of the sjriein to be detertuioed by 
tbr«e rectangular co-orclinates ; the sum of 
the products of every force, by the quan- 
tity which the point which it solicits ad- 
vances in its direction, when the position 
«f the system is deranged by an infinitely 
small quantity, will be expressed by a li- 
near function of the Tariation of all the 
co-ordiaatea of these points. These varia- 
tioDs will have with each other certain re- 
lations, which will depend on the manner 
in which the different parts of the system 
are connected together. In reducing, 
therefore, by means of the conditioni of 
this connection, the arbitrary variations to 
the least possible number, in tbe preceduig 
ftum, which should be zero in the case of 
equilibrium, we must, for the equilibrium 
to take place in every direction, make tbe 
coefficients of the remaining variations se- 
parately equal to zero, which will give 
39 many variations as there are arbitrary 
variatioDl. These equations combined 
with those which arise from the codhi 
tion of tbe paita of the system wiU < 




tftiQ all the condttioDS of its equilibriqni- 
Let us consider, for example, a system of 
ponderable points connected together in an 
invariable mannefj and suppose it attached 
to a fixed point, round which it can turn 
freely in alt directions ; let us imagine 
three axes passing through this fixed 
point, and perpendicular to each other, 
and the position of every point of the sys- 
tem determined by three coordinates pa- 
rallel to these axes, and the direction of 
its gravity decomposed according to the 
direction of these co-ordiaates. 

If the system be now moved an infinitely 
■mall quantity round the first axis, it is 
evident that the quantity which every 
point advances in the direction of the 
force parallel to this axis is equal to no- 
thing. The quantity that it advances in 
the direction of the force parallel to the 
second axis, is equal to the product of the 
angular motion of rotation of the system, 
hy the co-ordinate parallel to the third 
^xisj and the quantity which it advances 
>a the direction of the force parallel to the 
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third sxis, is equal (but with a contrary 
irign) to the angular motion of rotation of 
ftie sjstetn by the co-ordinate parallel to the 
second axis : thus, according to the pre- 
ceding' principle^ the >jstem should be in 
equilibrio about its first axis, when the 
•urn of the products of the mass of every 
point by its force parallel to the second 
axis, and by the co-ordinate parallel to the 
third axisj is equal to the sum of the pro- 
ducts of the mass of every point, by the 
force parallel to the third axis, and by 
the co-ordinate parallel to the second. 

That the equilibrium may subsist [in 
every position of the system round the 
principal axis, it is necessary that the pre- 
ceding equality should subsist, whatever 
may be the forces parallel to the second 
and third axes, since it must be indepen- 
dant of the direction of gravity relatively 
to these axes; each of these preceding 
sums should therefore he made equal to 
zero, and as the partial actions of gravity 
decomposed parallel to any axis whatever^ 
are the same for every point of tb« Bjste 
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the Bum of the products of each of'thciSQ 
poiats.by its co-ordioate parallel to the se- 
cond or third axis, is zero. If the same 
equality subsists relatively to the co-ordi- 
nates parallel to the first axis, it is easy to 
see that it will subsist equally, with re- 
spect to aay other axis passing through the 
fixed point; hence it follows thatwhatever 
be the situation of the system round this 
point, it cannot turn round any axis, but 
will remain in equilibrio, in consequence 
of the action of gravity. The point which 
possesses this remarkable property is called 
the centre of gravity of the systera, it ia 
such that whatever he the position of the 
system, the resulting force of all the efforts 
of gravity pass constantly through it. 

To determine it, we refer its posit ion and 
that of the points of the system to three 
fixed axes perpendicular to each other, 
and one of the co-ordinates of this centre, 
multiplied by the entire mass of the sys- 
tem, is equal to the sum of the products of 
the mass of each point by its correspond- 
ing co-ordinate. Thus the determiaation 
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of ikii eratffti of wKioh gravity fint fug;* 
gitsted the idea» it iadependaat of it Tlie 
coBudenlioQ of this eentro, extmided to a 
sjitem of bodieij wk^her poadernblo or 
Bot^ if of graat uie in tbe icioiiM of bm^ 
ckaoief. 
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CHAP. IV. 



0/ the MquiHirium of JVtftVb. 

r 

It has been observed in the Filrst Book^ tbat 
elastic fluids^ sucb as airj owe iheir ori- 
gin to heatj and incompressible fluids^ such 
9s water^ to the pressqxe of the atqpip^ 
sphere. But to determine the lawfr of 
their equilibrium^ we have only to consi- 
der them as formed of an infinite numbej; 
of particles perfectly movablet among eacl^ 
other^ and yielding to the smallest pressioa 
which is exerted on one side more than on 
the other. , 

It follows from this characteristic pro^ 
perty of fluids^ that the force, that soliciti 
every particle of the fr^ surface of a fluids 
in equilibrio is perpendicular to this sufn 
fate ; gravity is consequently perpendi- 
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eular to the surface of stagnant waters, ' 
which is for this reason horizontal. 

In virtue of the mobility of its parts a 
ponderable fluid may exercise a pressure 
much greater than its weight. A small 
column of waterj for example, teraiioated 
by a large horizontal surface presses as 
much the base on which it reposes as a 
cylinder of water of the same base and 
height. To understand the truth of this 
paradox we may imagine a fixed cylindric 
vasCj whose bottom or base is moveable^ 
suppose this vase filled with water, and its 
base kept in equilibrio by a force equal 
and contrary to the pression it experiences^ 
it is clear that the equilibrium would still 
subsist, even if a part of the fluid was to 
consolidate itself and to unite with the 
sides of the vessel ; for, in general, the 
equilibrium of a system of bodies, is not 
deranged, by the supposition of several of 
them uniting, or becoming attached to 
fixed points ; we may thus form an infinity 
of vases of difierent figures, having all the 
same base and the same height as the c;«) 
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lindric Tasc, and io which the water will 

exercise the same pressure on the movable 
base. 

The pression which a fluid exerts against 
any surface is perpendicular to each of its 
elements, otherwise the fluid particle 
contiguous to it would slidCj by the de- 
composition of the pression which it ex- 
perienced. If a fluid acts only by ita 
weight, its entire pression is equal to the 
weight of a prism of the fluid, whose base 
is equal to the surface pressed, and whose 
height is the distance of the centre of gra- 
vity of this surface from the level surface 
of the fluid. 

A body plunged in a fluid, loses a part 
of its weight, equal in weight to a volume 
of the displaced fluid ; — for before the im- 
mersion, the surrounding fluid formed an 
equilibrium to the weight of this volume 
of fluid, which without disturbing the 
equilibrium may be supposed to have 
formed itself into a solid mass, the result- 
ing force of all the actions of the fluid ' 
upon this mass, should be in equilibrio 



with itf weighty tnd pass t1iroti|^1i i(s eea* 
traofgrtvity ; now it is clear that these 
actions are the same upon a body which 
occupies its place^ the action of the fluid 
destroys therefore a part of the weight of 
the body equal to the weight of the volume 
of the displaced fluid. 

Thus bodies weigh less in air than in 
Tacuo ; this difi)srence, though but smalU 
is not to be neglected in delicate experi- 
ments. 

By means of a balance which carries at 
the extremity of one of its arms a body 
which can be plunged in a fluids we can 
measure very exactly the diminution of 
weight which the body experiences in this 
immersion^ and determine its specific gra- 
vity^ or its relative density compared with 
that of the fluid. This is the ratio of the 
weight of a body in vacuo to the diminu- 
tion of its weight when it is entirely 
immersed in the fluid. It is thus that the 
specific gravities of bodies are determined^ 
compared with distilled water. 

For a body lighter than a fluid to be in 
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MfuiUbrio at its BurFace, its weight must 
be equal to the volume of the displaced 
fluid ; it i9 moreover indispenaable that 
the centres of gravity of this portion of the 
fluid and of the bodj, he in the same ver- 
tical, for the resulting force of the actions 
of gravity upon all the particles of the 
body pass through its centre of gravity, 
and the resulting force of all the actions of 
the fluid upon the body, pass through the 
centre of gravity of the displaced fluid ; 
these resulting forces, therefore, must he 
CD the same line, since they destroy each 
other, the centres of gravity are therefore 
in the same vertical. 

There exist two states of equilibrium 
entirely distinct. In one, if the equili- 
brium is ever so little deranged, the bodies 
which compose the system only oscillate 
about their primitive position, and the 
equilibrium is said to be firm or stable. 

This stability is absolute if it takei 
place, whatever he the nature of the oscil- 
lations ; it is relative if it only takes place ! 
in oscillations of a certain kind. In the i 



otber state of equilibrium^ if the sjniem 
be deraogedj all the bodies deviate more 
find more from their primitive state. 

We may form a just idea of these two 
states by considering an ellipse placed ver- 
tically on an horizontal plane, Jf the elr 
lipse is in equilibrio on its smi^ller axis^ it 
is clear that when deranged ^ little froni 
this situation^ it tends to return^ making 
oscillations which the friction and resist- 
ance of the air soon destroy ; but if the 
ellipse be in equilibrio upon its greatest 
axis> u pon being once deranged it will de- 
viate more and more^ and finish by revers- 
ing itself upon its lesser axis. The stabi- 
lity of an equilibrium^ therefore^ depends 
on the nature of the small oscillations 
which the system^ upon being deranged^ 
makes about its primitive position. Very 
often this investigation is attended with 
great difficulty ; but in many cases^ and 
particularly in that of floating bodies^ it 
is sufficient to judge of the stability of aa 
equilibrium to determine if the force which 
solicits the system when deranged from 
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fhis state, tends to restore it to the sam^ ^ 
state again. In bodies floating on water, 
or aoy other fluid, it may be determined 
by the following rule : 

If through the centre of gravity of the 
section of the surf:ice of the water, of i. 
floating body, we conceive a horizontal axis, 
such, that the sum of the products of every 
element of the section, multiplied by thtf j 
square of its distance from this axis, he less 
than relatively to any other horizontal axis 
drawn through the same centre ; the equi- 
librium will be stable in every direction, 
when this sura surpasses the product of the 
volume of the displaced fluid by the height 
of the centre of gravity of the body, above 
the centre of gravity of this volume. 

This rule is principally useful in the 
construction of vessels which require suf- 
ficient stability to enable them to resist* \ 
the efforts of storms which tend to sub- 
merge them. In a ship the axis drawn 
from the stern to the prow is that rela- 
tively to which the sum abovemeationcj 
19 a miaimum ; it is easy^ therefore, to 
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tscertain and measure its stability by tbe 
preceding rule. 

'^wo fluids contained in a vaiej dispose 
thiemselves in such a manner that the hea^^ 
yiest occupies the lowest part of the vessel^ 
and the surface which separates thera is 
horizontal. 

If two fluids communicate with each 
pther by means of a bent tube the surface 
which separates them in a state of equili^ 
brium is horizontal^ and their heights 
above this surface are reciprocally as their 
specific densities. In supposing to the 
whole atmosphere the density of the air at 
the temperature of melting ice^ and com- 
pressed by a column of mercury pf two feet 
and a half^ its height will be equal to 
93690 feet ; but because the density of the 
atmospheric strata diminish as they are 
elevated above the surface of the earthy 
the height of the atmosphere is much 
greater. 

To trace the general laws of the equili- 
brium of a fluid mass solicited by any 
fprces whf^t^ver^ we shall observe ths^t 



•very point in the interior of this maBi bu£^ 
fers a pressioa wbicii in the atmosphere i 
measured by the height of the barometer,! 
sad which may be done in a similar maDnai.J 
by any other fluid. In considering CTerj^a 
particle as an infinitely small parallelopipe^ 
the pressioD of the surrounding fluid ' 
be perpendicular to that of the parallelo' 
piped, which will tend to move 
perpendicularly to every one of its fac« 
by virtue of the difference of the pressioai 
OQ two opposite faces. From these difler- 
ent pressions arise three forces perpendii 
cular to each other, which must be com 
bined with the other forces which 
the fluid particle. And since this particl^ 
should be iu equilibrioj in consequence o 
all these forcesj the principle of virtual 
Telocities will give the general equations 
of its equilibriumj whatever may be tlii 
position of the entire mass. The co! 
tions of the integrability of these different 
tial equations wilt determine the relation 
that should exist between the forces 
which the fluid is solicttedj to render th| 
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poisible : their integration 
giTe the pression which every fluid 
particle it subject to^ and this pression 
will determine its elasticity and density^ 
if the flaid is elastic and compressible. 



CHAP. V. .,| 

Of the Moliori of a S^item of Bodies. 

Let us consider first the action of tw«1 
material points of different masses, anill 
wbicb, moving on the same straight liae^fl 
meet and strike each other. We majrl 
conceive immediately before the shocks 
their velocities to be decomposed in sucltl 
a manner that they may have a coramiN 
Telocity, and two contrary velocities, such a«l 
thatiftbey have these alonethey would havel 
remained in equilibrio. The velocity coot*! 
raon to each of the points, is not alteredlfl 
by their mutual action, and therefore wi)| 
subsist alone after the shock. To deter*] 
mine it we shall observe, that the quantity 
of motion of the two points in virtue c 
this common velocity plus the quantitjf 
of motion due to the velocities destroyed, 
represents the sum of the quantities of 



motioQ before the shocks provided we take 
the quantities of motion due to contrary 
Telocities with contrary signs ; but by the 
condition of equilibrium^ the sum of the 
quantities of the motion due to the velo- 
cities destroyed equals nothing ; therefore 
the quantity of motion due to the commoa 
Telocity^ is equal to that which primitively 
existed between the two points, and con- 
sequently this velocity is equal to the :Stim 
of the quantities of motion divided by the 
ram of the masses. 

To find the velocity after the shock 
when the poiiri;s are perfectly elastic^ we 
must add or subtract from the common 
velocity which they would have if they 
were uoelastic, the velocity which they 
vrill acquire or lose according to this hy- 
pothesis : perfect elasticity doubles these 
eflRscts by completely restoring the springs 
which the shock had compressed^ the velo- 
city of each point after the shock may 
therefore be obtained by snbtr acting its 
velocity before the shock from double 
the cotnmon velocity; from which it is 
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easy to iafer tliat the sum of tbe products 
of each mass, by the square of the velocity 
is the same before as after the shock of 
the two points ; and this is true univer- 
sally in the shock of any number of bodies 
which are perfectly elastic, in whateTer 
manner they act upon each other. 

Tbe shock of two material points is 
merely ideal ; but it is easy to reduce ta 
the same case the shock of any two bodies 
■whatever by observing that if these bodies . 
strike each other according to the straight 
line connecting their centres of gravity, 
and perpendicular to their surface of con- 
tact, they will act one upon the other as 
if their masses were united in these centres ; 
therefore motion is communicated to them 
in the same manner as between two ma- 
terial points whose masses are respectively 
these bodies. 

Such are the laws of communication of 
motion, laws which experience confirms, 
and which arc derived mathematically 
from the two fundamental laws of motion 
exphuoed in Cbap. 11. of this Book. 



860 

Several philosophers have endeavoured 
to determine them from tiie consideration 
of final causes. Descartes, persuaded that 
the quantity of motion in the universe 
should always preserve itself the same, haii 
deduced from this false hypothesis, false 
laws of the communication of motion, 
offering an example of the errors to which 
we are exposed, when we attempt to guess 
at the laws of nature, by attributing to 
her particular views. 

When a body receives an impulsion in 
the direction passing through the centre 
of gravity, all its parts move with an 
equal velocity. If the direction passes 
on one side of this point, the different parts 
of the body acquire unequal velocities, 
and from this inequality of velocity, there 
results a motion of rotation of the body 
about its centre of gravity, at the same 
time that this centre is carried on with the 
velocity that it would have taken if the di- 
rection of impulsion bad passed through 
this point. This case is that of the Earth 
and planets. To explain the double 
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motion of rotation and translation of the 
Earthy it is suflScient to suppose that it 
received a primitive impulsion in a direc- 
tion passing at a small distance from its 
centre of gravity ; and this distance in 
the hypothesis of the homogenity of this 
planet^ is nearly the -rfoth part of its ra- 
dius. It is infinitely improbable that the 
primitive impulsion of the planets should 
have been in the directions of their centres 
of gravity^all the celestial bodies therefore 
shoiild turn upon themselves. For the 
same reason the Sun^ w^hich turns on itself^ 
must have received an impulsion whicb^ 
not passing through its centre of gravity, 
carries it along through space with the 
planetary system, except an impulsion in a 
contrary direction should have totally de- 
stroyed this motion, vi^hich is not at all 
probable. 

The impulsion given to a homogeneous 
sphere, which does not pass through its 
centre> causes it constantly to turn round 
a diameter which is perpendicular to a 
plane passing through its centre, and the 
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direction of the force impressed. New 
forces which solicit all its points^ and 
whose resulting force passes through the 
centre^ do not alter the parallelism of its 
axis of rotatioi). 

It is thus that the axis of the Earth re^ 
mains always very nearly parallel to itself 
in its revolution round the Sun^ without 
any occasion to suppose with Copernicus 
an annual motion of the poles of the Earthy 
round those of the ecliptic. If the body 
be of any figure whatever^ its axis of ro* 
tation may vary at every instant. The in- 
vestigation of these variations is the most 
interesting problem relating to hard bodies^ 
by its connection with the precession of 
the equinoxes^ and the libration of the 
Moon. Its solution has led to this cu- 
rious and useful result^ namely^ that in 
every body there exist three axes, perpen- 
dicular to each other, round which it may 
revolve uniformly when not solicited by 
external forces ; these axes have, for this 
reason, been called the principal axes of 
rotation. 
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A body, or a system of ponderable bo- 
dies, of any figure^ oscillating about a 
fixed and horizontal axis, forms a comi- 
pound pendulum. There exists no other 
in nature, and the simple pendulum of 
which we have spoken above, is an ideal 
geometrical conception for the purpose of 
simplifying the subject. To this it is 
easy to refer compound pendulums, in 
which all the points are firmly united 
together. 

If we multiply the length of a simple 
pendulum, whose oscillations are of the 
same length as a compound pendulum, by 
the entire mass of this latter pendulumj 
and by the distance of its centre of gravity 
from its axis of oscillation^ the product 
will be equal to the sum of the products 
of every particle of the compound pendu- 
lum by the square of its distance from 
the axis of oscillation. It is by this rule 
discovered by Huygens, that from expe- 
riments on compound pendulums the length 
of the sim^ple pendulum has been deter- 
mined which vibrates seconds. 

b3 
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Let us imagine a pendulum making very 
small oscillations, and at the moment vvhen 
it deviates the most from the vertical, a 
small force to be impressed on it in a direc- 
tion perpendicular to the plane of its mo- 
tion ; it will describe an ellipse round the 
vertical. To represent this motion we may 
suppose a fictitious pendulum which conti- 
nues to vibrate as this would have done if it 
bad not received this new impulsion^ and at 
the same time that this latter pendulum 
vibrates on each side the imaginary one as if 
this pendulum was immovable and vertical^ 
and thus the motion of the real pendulum 
is the result of two simple oscillations 
which exist together, and which it is easy 
to determine. 

This method of considering the small 
oscillations of bodies, may be extended to 
any system whatever. If the system be 
supposed deranged from its state of equi- 
librium by very small impulsions, and after- 
wards to receive new impulsions, it will 
then oscillate, with respect to the succes- 
sive situations which it would have taken 
by virtue of its first impulsions, in the 
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same manner as it would oscillate rela- 
tive! v to its state of equilibrium^ if these 
new impulsions had been the only ones im- 
pressed on this state. Thus the very 
small oscillations of a system of bodies^ 
however complicated^ may be considered 
as performed by simple oscillations, per- 
fectly similar to those of the pendulum. 
For if we conceive the system to be a 
little deranged from its state of equili- 
brium^ in such a manner that the force 
soliciting each body of the system may be 
directed towards the point which it occu-* 
pied in this state^ and at the same time 
proportional to its distance from this point ; 
it is evident that this will be the case 
during the oscillation of the system^ and 
that the velocity of each body will be pro- 
portional to its distance from a state of 
equilibrium. They will arrive^ therefore, 
at the same instant at this position^ and 
will oscillate in the same manner as the 
simple pendulum. But the state of de- 
rangement which we have supposed to the 
system is not unique. If vte cause one of 
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the bodies to deviate from its state of 
equilibrium^ and then investigate the po- 
sition of the remaining bodies^ which may 
satisfy the preceding conditions^ an equa- 
tion is obtained of a degree equal to the 
number of bodies in the system^ which will 
give as many simple oscillations as there 
are bodies. Let us conceive the first of 
these oscillations to exist in the system^ 
and that at any instant, all the bodies of 
the system deviate from their position^ 
proportionally to the relative quantities of 
the second simple oscillation. In conse- 
quence of the co-existence of these oscil- 
lations, the system will oscillate^ relatively 
to the successive positions which it would 
have taken in consequence of the first sim- 
ple oscillation^ in the same manner as it 
would have oscillated about its state of 
equilibrium in consequence of the second 
oscillation. Its motion will therefore be 
composed of the two first simple oscilla- 
tions. The third oscillation may be com- 
bined with these in the same manner, and 
by continuing thus to combine the rest. 
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Vfe may represent all the motions of tb« 
system in the most general manner. 

And hence results an easy method of de*- 
termining the absolute stability of its equi- 
librium. If in all the positions relative to 
each simple oscillation^ the forces which 
solicit the bodies tend to bring them back 
to their state of equilibrium^ it is then 
stable^ it will be otherwise or will only 
have a relative stability if in some One of 
its positions^ the forces tend to make the 
bodies deviate from it. 

In the waves we have a sensible example 
of the co-existence of small oscillations* 
When a point in the surface of stagnant 
water is slightly deranged^ we see circular 
waves form and extend around it ; by agi- 
tating the surface in another pointy new 
waves are formed which mingle with the 
first and they dispose themselves over the 
surface^ already agitated by the first waves^ 
as they would have done if this surface 
had been entirely tranquil ; so that each 
remains distinctly perceptible when thus 
united. That which the eye distinguishes 
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10 the waves of water, the ear also per- 
ceives in sounds or undulations of the air, 
which are propagated simultaneously with- 
out alteration, producing very distinct 
impression^. 

The principle of the co-existence of 
simple oscillations which we owe to Daniel 
Bernouilli, is one of those general results 
which is interesting from the facility which 
it gives to the imagination of representing 
phenomena and their successive changes. 
It may easily be deduced from the ana- 
lytic theory of the small oscillations of a 
system. They depend on differential linear 
equations whose complete integrals are 
the sum of the particular integrals. Thus 
the simple oscillations dispose themselves 
one upon the other to form the motion of 
the system. It is interesting to follow in 
this manner the intellectual truths of ana- 
lysis, in the phenomena of nature. The 
system of the world affords numberless 
instances of a similar correspondence, and it 
is this which constitutes the greatest charm 
of mathematical speculations. 
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It seems natural to reduce the laws of 
the motion of bodies to some general prin- 
ciple^ in the same manner as the laws of 
their equilibrium have been reduced to 
the principle of virtual velocities. To 
effect this, let us consider the motion of a 
system of bodies acting one upon another 
without being solicited by accelerating 
forces. Their velocities change at every 
instant^ but we may conceive each [velo- 
city at any instant as composed of that 
which takes place in the following instant, 
and of another velocity which should be 
destroyed at the beginning of this second 
instant. If the velocity destroyed be 
known, it will be easy to calculate the 
velocity in the second instant by the law 
of the decomposition of forces : now, it 
is clear that if these bodies had only been 
animated by the velocities destroyed^ they 
would mutually have maintained them- 
selves in a state of equilibrium. Thus the 
laws of equilibrium will give the ratios of 
the velocities destroyed, and it will be easy 

r5 
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to conclude the velocities which remain 
and their directions. The infinitesmal 
calculus will then give the successive 
variations in the motion of the system^ 
and its position at every instant. It is 
evident that if the bodies are animated 
by accelerating forces^ the same decom- 
position of velocities may be employed^ 
but then the equilibrium must subsist 
between the destroyed velocities and these 
forces. 

This method of reducing the laws of 
motion to those of equilibrium^ and for 
which we are principally indebted to 
D'Alerabert^ is very general and luminous. 
And we should be surprised that it had 
escaped the notice of former geometricians^ 
who had occupied themselves on the prin- 
ciples of dynamics, if we did not know 
how often it happens that the most simple 
ideas oft'er themselves the last to the human 
mind. 

It remained only to combine the prin- 
ciple just explained with that of virtual 
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velocities^ to give to the science erf mecha- 
nics all the perfection of which it is sus- 
ceptible. 

This is what Lagrange has accomplish^ 
edj and by this means has reduced the in- 
vestigation of the motion of any system of 
bodies to the integration of differential 
equations ; the object of mechanics is thus 
accomplished^ and it belongs then to pure 
analysis to finish the solution of the pro- 
blem. The most simple manner of forming 
these equations is this : 

If we imagine three fixed axes perpen- 
dicular to one another^ and if at any in- 
stant the velocity of every material point 
of a system of bodies be decomposed into 
three others parallel to these three, every 
partial velocity may be considered as uqi*^ 
form during this instant, and we mat/ con^ 
ceive the point to be solicited at the end of 
this instant, in a direction parallel to one 
of these axes, by three velocitiesj namely, 
by the velocity in this instant, by the little 
variation it receives in the following in- 
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stant, and by this same variation applied 
in a contrary direction. The two first of 
these velocities subsist in the following in- 
stant^ the third should be destroyed by the 
forces which soUicit the pointy and by the 
action of the other points of the system : 
thus if we suppose the instantaneous varia- 
tions of the partial velocities of every 
point of the system to be applied to this 
point in a contrary direction, the system 
should remain in equilibrio in consequence 
of all these variations of the forces which 
solicit it. By the principle of virtual ve- 
locities the equations of this equilibrium 
may be obtained^ which, combined with 
those arising from the connection of the 
parts of the system, give the differential 
equations of the motion of each of its 
points. In like manner the laws of the 
motion of fluids may be reduced to those 
of their equilibrium. In this case the 
conditions relative to the connection of the 
parts of the system are reduced to this ; 
that if the fluid be incompressible, the 
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volume of any particle of it must remain 
constantly the same, and that it will de- 
pend on the pression according to some 
given \sLW if the fluid be compressible and 
elastic. The equations which express 
these conditions^ and the variations in the 
motion of the fluids contain the partial 
differences of the co-ordinates of the par- 
ticle, taken either with relation to the 
times or to the primitive co-ordinates. 
The integration of this species of equations 
is attended with great diflSculties, and can 
only be efl'ected in certain particular cases^ 
relating to the motion of ponderable fluids 
in vases, to the theory of sounds, and to 
the oscillations of the atmospbere and 
ocean. 

The consideration of the differential 
equations of the motion of bodies, has led 
to the discovery of several very general 
and useful principles in mechanics, and 
whicb are an extension of those which 
have been developed already relatively to 
the motion or point in the second chapter 
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of the second Book. A material point 
moves uniformly in a straight line^ if not 
induced to quit it by the action of some 
foreign cause. In a system of bodies 
i^hich act on each other, without being 
subject to the action of foreign causes, the 
common centre of gravity moves uniformly 
in a straight line, and its motion is the 
same as if all the bodies were supposed 
united in this point, and the forces which 
solicit them immediately applied to it, so 
that the quantity and direction of the re- 
sulting force remains always the same. 

We have seen that the radius vector of 
a body, solicited by a force directed to- 
wards a fixed point, describes areas propor* 
tional to the times. If we suppose a sys- 
tem of bodies acting one upon the other in 
any manner whatever, and solicited by a 
force directed towards a fixed point, if 
from this point a radius vector be drawn 
to each of them, and these radii project- 
ed on an invariable plane passing through 
the point, the sum of the products of the 
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mass of each body^ by the area traced by 
the projection of its radius vector^ is pro- 
portional to the time. In this consists the 
principle of the conservation of areas. 

The vis viva of a system of bodies is 
the sum of the products of the mass of 
each body by the square of its velocity. 
When a body moves on a line or surface 
without being subject to a foreign action^ 
this vis viva is constantly the same^ since 
the velocity is constant. If the bodies of 
a system experience no other actions than 
those arising from these mutual tractions 
and pressions^ either directly or by the in- 
termediate agency of rods or threads 
which are inextensible and unelastic^ the 
vis viva of the system remains constant^ 
even in the case vrhere several of the bo- 
dies are constrained to move in curved 
lines or surfaces. This is the principle of 
the conservation of the vis viva. 

In the motion of a point solicited by 
forces of any kind, the variation of the 
vis viva is equal to twice the sum of the 
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products of the mass of a point by each 
of the accelerating forces, multiplied re- 
spectively by the elementary quantities 
which the point advances towards their 
origins. In the motion of any system, the 
double of the sum of all these products 
is the variation of the vis viva of the sys- 
tem. 

When the vis viva attains its maximum 
or minimum, this variation is nothing, the 
system then, according to the principle of 
virtual velocity, will be in equilibrio, ia 
consequence of the accelerating forces 
which solicit it; and thus in all the situa- 
tions which a system takes successiyely^ 
that where the vis viva is the greatest or 
least, is that in which it will remain 
in equilibrio. There is, besides, this re- 
markable circumstance, that if in this si- 
tuation the vis viva is constantly a max- 
imum, whatever be the velocities of the 
bodies when they arrive at ii, the equili- 
brium will be stable ; but it will not be so 
if the vis viva be constantly a minimum. 
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This is an evident consequence of what 

has been stated above^ relative to the 

simple oscillation of a system of bodies. 

Finally^ we have seen in the second 

Chapter^ that the sum of the integrals of 

the products of the mass of each body of 

the system, by its velocity, and by the 

element of the curve which it describes, is 

a minimum; this constitutes the principle 

of the least action, which principle differs 

from that of the uniform motion of the 

centre of gravity, of the conservation of 

areas, and of the vis viva, in this, that 

these principles are the real integrals of 

the differential equations of the motion of 

bodies, whereas that of the least action 

is only a singular combination of these 

equations. 

Another important remark remains to 

be made upon the extent of these differ* 

ent principles — that of the uniform motion 

of the centre of gravity of a system of 

bodies, and of the conservation of areas, 

subsist even in the case, when by the 
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mutual actions of the bodies there happens 
a sudden change in their motion, which 
renders these principles extremely useful 
in many circumstances; but the principle 
of the conservation of the vis viva, and 
that of the least action, require that the 
variations in the motion of the system take 
place by imperceptible degrees. 

When the system suffers a sudden 
change, either by the mutual action of 
the bodies, or by meeting with obstacles^ 
the vis viva receives at each of these 
changes a diminution equal to the sum of 
the products of each mass, multiplied by 
the sum of the squares of the variations 
which this change effects in its velocity, 
decomposed parallel to any three axes per- 
pendicular with each other. 

AH these principles would subsist, re- 
gard being had to the relative motion of 
the bodies of a system, if it was carried on 
by a general motion common to the foci of 
the forces which we have supposed fixed« 
They will likewise take place in the rela* 
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tive motion of bodies upon the surface of 
the earthy for it is impossible to judge of 
the relative motion of a system of bodies 
bj' the appearance only of its relative mo- 
tion. 
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